-

View metadata, citation and similar papers at core.ac.uk brought to you byﬁ CORE

provided by Kdélner UniversitatsPublikationsServer

Relativistic Energy-consistent
Pseudopotentials for f-Elements

Inaugural-Dissertation
zur
Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultat
der Universitat zu Koln

vorgelegt von
Anna Weigand geb. Moritz

aus Bonn

Koéln
2009


https://core.ac.uk/display/12010562?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Berichterstatter: Prof. Dr. M. Dolg

Prof. Dr. U. Deiters

Tag der mindlichen Prifung: 29.05.2009



Formeln sind so etwas wie immaterielle Raumsonden, mitmevieein Stiickchen
Uber die Grenze unseres Vorstellungsvermdgens hinausreidBe der Wirklichkeit
vorstofRen kbnnen, die uns sonst verschlossen bleiben.

Hoimar von Ditfurth






Kurzzusammenfassung

Im Rahmen dieser Doktorarbeit wurden relativistische gieekonsistente Pseudopo-
tentiale (PPs) fur f-Elemente justiert. Bei der Pseudamcbnethode werden nur
die chemisch relevanten Valenzelektronen explizit in denHfRungen behandelt und
die wichtigsten relativistischen Effekte durch eine geeig Parametrisierung implizit
berticksichtigt. Deshalb werden PPs haufig zur theoretisthgersuchung von f-
Elementverbindungen verwendet, flr deren Berechnungatie Anzahl an Elektro-
nen und die groRen relativistischen Effekte die Haupthsfoaderungen darstellen.
AulRerdem kénnen Schwierigkeiten aufgrund von offenen I8ohdurch PPs vermie-
den werden, indem sie die offenen Schalen in den Rumpfllemitbeziehen, wie
es z.B. fur dief-in-core PPs der Fall ist. Wenn allerdings die offene f-Schale nicht
explizit behandelt wird, muss fur jede Oxidationsstufeagenes PP angepasst wer-
den. Diese Doktorarbeit vervollstandigt die bereits vodenen quasirelativistischen
energie-konsistentdrn-core PPs, d.h. fur die Actinoide wurden zwei- (Pu—No), vier-
(Th—Cf), funf- (Pa—Am) und sechswertige (U-Arbif-in-core PPs und fur die Lan-
thanoide vierwertige (Ce—Nd, Tb, Dyf-in-corePPs justiert. Zu diesen PPs wurden
polarisierte Valenz-Double-, Valenz-Triple- und ValeQeadruple-Zeta-Basissatze zur
Anwendung in Molekullrechnungen optimiert, welche kles®&asissatze umfassen,
die zur Berechnung von Kristallen eingesetzt werden kon@eisatzlich wurden im
Falle der zwei-, drei- und vierwertigen Actinoide Polatisaspotentiale zur Beriick-
sichtigung der vernachlassigten statischen und dynameris&umpfpolarisation an-
gepasst. Die atomaren Testrechnungen an den lonisieritegsialen der Actinoide
und die molekularen Testrechnungen an den Actinoid- undhaamoidfluoriden auf
Hartree-Fock- bzw. Coupled-Cluster-Niveau zeigen aulkePti und NpR—AmF;
eine gute Ubereinstimmung mit entsprechendenvalencePseudopotentialrechnun-
gen bzw. experimentellen Werten. Fur Bust der Grund fur die groRe Abweichung,
dass die zweiwertige Oxidationsstufe flr Plutonium ni¢cabsg ist. Flr die sechswerti-
gen PPs zeigt sich hingegen, dassidi-coreNaherung auRRer fir Uran Bfversagt.
Da die5f-in-core PPs auch fur Actinocene, Actinyl-lonen und Uranyl(VI)-Kplexe
erfolgreich angewendet wurden, sollte dign-core Naherung fir Verbindungen, in
denen die f-Orbitale nicht signifikant an der chemischerdBimg beteiligt sind, eine
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effiziente Rechenmethode darstellen.

Zusatzlich zu den quasirelativistischim-core PPs wurde ein kurzlich justiertés-
in-valencePP fur Uran, welches sowohl skalar-relativistische Effelits auch die
Spin-Bahn-Kopplung berlicksichtigt, zur Berechnung der-uind U'*-Feinstruktur-
aufspaltung verwendet. Diese Rechnungen ergaben zusigddsrgebnisse und be-
statigen somit frihere Testrechnungen an Uranmonohydrid.



Abstract

In this thesis relativistic energy-consistent pseudopadés (PPs) for f-elements have
been adjusted. The PP approach restricts the explicit ledilcns to the chemically
relevant valence electron system and implicitly includaativistic effects by means
of a simple parameterization. Thus, it is a commonly used@pmation to study
molecules containing f-elements, where the large numbeleatrons and the signif-
icant relativistic effects are the main obstacles. Eveficdities due to open shells
can be avoided, if these are included in the core, as it is dse €or f-in-core PPs.
However, if the f shell is not treated explicitly, one PP farck oxidation state has
to be adjusted. This thesis completes the already existiagicglativistic f-in-core
PPs, i.e. 5f-in-core PPs for di- (Pu—No), tetra- (Th—Cfntae (Pa—Am), and hexava-
lent (U-Am) actinides and 4f-in-core PPs for tetravalerdg-{Nd, Tb, Dy) lanthanides
are presented. Corresponding molecular basis sets ofizemlavalence double- to
guadruple-zeta quality have been derived. Smaller batsiss#able for crystal calcu-
lations form subsets of these basis sets. Furthermorepodagization potentials for
di-, tri-, and tetravalent actinides have been adjustedd¢owunt for the neglect of static
and dynamic core-polarization. Atomic test calculationsactinide ionization poten-
tials as well as molecular test calculations on actinide lanthanide fluorides using
the Hartree—Fock and coupled cluster method show satisfaagreement with cal-
culations using f-in-valence PPs and experimental daspeatively, except for PyF
and NpR—AmF;. While for Puk, the large deviations are due to the fact that for plu-
tonium the divalent oxidation state is not stable, in theavelent case the 5f-in-core
approximation seems to reach its limitations except foniura (5°). Moreover, the
5f-in-core PPs are successfully applied to actinocends)yhdons, and uranyl(VI)
complexes. Thus, the f-in-core PPs should be an efficienpatational tool for those
compounds, where the f orbitals do not participate sigmtigan chemical bonding.
In addition to the quasirelativistic f-in-core PPs, theemity adjusted 5f-in-valence
uranium PP including scalar-relativistic effects as wallspin—orbit coupling have
been tested by calculating the fine-structure splitting&)of and Ut. These test
calculations gave reliable results and thus confirm edbesrchmark calculations on
uranium monohydride.
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Chapter 1

Introduction

The f-elements are divided into lanthanides Ln (La—Lu) aatdhaes An (Ac—Lr),
for which the 4f and 5f shells are gradually filled with incse®y nuclear charge, re-
spectively. Lanthanides are also called rare earth elesnatthough they are quite
abundant, i.e. even the least common lanthanide thuliuef@xor the radioactive
praseodymium) is more abundant in the earth’s crust thanedd]. They have many
applications, e.g. cerium is used in lighter flints and maanythanides are neutron
absorbers in nuclear reactors [2]. Actinides, howeveryarg scarce and man-made
except for Ac—U [1]. They are all toxic as well as radioactwel their applications are
primarily power generation, nuclear weapons, and radiafhe[3]. The main subjects
of actinide chemistry are the improvement of the nucleargngeneration as well as
the nuclear waste management, i.e. the selection of sabsitepes and the reduction
of the long-term radiotoxicity.

One possibility to reduce the long-term radiotoxicity otiear waste is the partition-
ing and transmutation strategy. Spent nuclear fuel costhai@ major actinides U and
Pu, the minor actinides Np, Am, and Cm, and fission produdts;iware mainly lan-
thanides as Pm, Sm, and Eu [4]. While plutonium and the migtinides are the
smallest part of the spent fuel, they contribute most to dingterm radiotoxicity, i.e.
spent fuel without reprocessing needs about one milliomsyeatil its radiotoxicity
decreases to that of the initial uranium, the separatiordutbdpium reduces this time
to ca. 15000 years, and by additional removal of the mindniaes the radiotoxicity
already can reach this value after less than 1000 years [#@r the partitioning plu-
tonium and the minor actinides can be transmuted to shiivest-and/or less toxic
species [4]. One of the key problems faced in partitionind xansmutation strate-
gies is the separation of actinides and lanthanides, whageegies are very similar.
Consequently a detailed understanding of actinide antidande properties is highly
desirable. However, these studies involve several diffesiffor both experimental
and theoretical work. While the toxicity, radioactivitypd scarcity of the actinides
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2 CHAPTER 1 INTRODUCTION

are the main obstacles for the experimentalists [3], theiaes face particular chal-
lenges in the significant contributions of relativity as had electron correlation for
both lanthanides and actinides [5—8]. Furthermore, theptexities arising from par-
tially occupied f shells make first-principle studies oftlanide and actinide systems
frequently cumbersome and motivate the development ofoxppate schemes based
on chemical intuition [7, 8]. The number of theoretical papeetween 1978 and 1992
for atoms and molecules containing f-elements documesetsethifficulties, i.e. for
lanthanides less than 100 papers, and for heavier actiaslédsn—Lr even less than
ten papers were published in this period [9]. One excepsamanium, where slightly
more than 100 publications appeared between 1978 and 1992 [9

A commonly used approximation to cope with some of theselprob in quantum
chemical calculations is the effective core potential (EE@Bproach, in which the ex-
plicit calculations are restricted to the chemically reletwvalence electron system and
relativistic effects are only implicitly accounted for byeoper adjustment of free pa-
rameters in the valence-only model Hamiltonian. In manyesamly the application
of ECPs allows for quantum mechanical calculations dued@timputational savings.
However, this method has to be seen as a suitable comproetisedn the computa-
tional effort and the accuracy of the results.

Essentially one distinguishes between two types of EC®siriodel potentials (MPs)
preserving the radial nodal structure of the all-electidB)(valence orbitals and PPs,
which use pseudo-valence-orbitals with a simplified radaal structure [10]. Today
the most widely used variant of the MP method are the ab iMiRs of Huzinaga,
Seijo, Barandiaran, and coworkers [11]. In the case of PRsnaay further distin-
guish between shape-consistent and energy-consistenwPescby the former are
adjusted to orbital data of one reference configuration aeddtter rely on the AE
total valence energies of all chemical important configares of the neutral atom and
its low-charged ions [7]. A very popular set of shape-carsisPPs based on scalar-
relativistic AE calculations was published by Hay and Wal,[13]. Since in this
thesis energy-consistent PPs of the Stuttgart-Cologreevyipbe presented, these PPs
are discussed in more detail.

A fundamental decision prior to the construction of ECPs/RBRhe choice of the core
and valence subsystems [7]. For f elements at least two kihelsergy-consistent PPs
with different core definitions, i.e. 4f-in-valence [14] aell as 5f-in-valence [15, 16]
small-core PPs (SPPs) and 4f-in-core [17, 18] as well ag-6bie [19, 20] large-core
PPs (LPPs) are available. The f-in-valence SPPs treat 28ed8ons explicitly, while
28 (1s—3d) and 60 (1s—4f) electrons are included in the P® fooranthanides and
actinides, respectively. The quasirelativistic Wood-iBgr\WB) SPPs were already
published almost 20 years ago [14, 15], and additionallyaamium SPP was recently
adjusted to more rigorous AE four-component relativiséterence data [16]. Al-



though the f-in-valence SPPs significantly reduce the caatimmal effort, they do
not avoid the difficulties due to the open f shell, which caadi¢o a spin and angu-
lar momentum as large as 7/2 and 12, respectively, resuhimgany low-lying LS-
states [21]. Due to these LS-states, which cause convexgenblems, the calcula-
tion of large f-element complexes as lanthanide(lll) téxams [22] and actinide(lll)
motexafins [23] (cf. Fig. 1.1) were not feasible using f-edence SPPs. The 4f-in-
core (1s—4f core) and 5f-in-core (1s—5f core) LPPs avoidynttfficulties due to the
open f shell, and despite their approximate nature are asegfticomputational tool
for those lanthanide/actinide compounds, where the f sloel§ not significantly con-
tribute to chemical bonding. Using these LPPs the lantregHijitexaphyrin [22] and
actinide(ll) motexafin [23] complexes could be studiedcassfully.

OH 2+

—

R

OH

R:O(CH20H20)3CH3

Figure 1.1: Actinide(Ill) motexafin structure.

While 4f-in-core LPPs for lanthanides were already adpigtel989 [17, 18], the first
5f-in-core LPPs for actinides were generated only somesyago [19, 20]. Both types
of LPPs were adjusted at the quasirelativistic WB level¢csia more accurate treat-
ment of the relativistic makes no sense due to the crude appation with respect to
the core—valence separation. The reason for the delayadtadnt of the 5f-in-core
LPPs can be explained by the oxidation states adopted biydaittes and actinides



4 CHAPTER 1 INTRODUCTION

in their compounds (cf. Table 1.1) [1,2]. The preferred axion state in aqueous
solution is +3 for all lanthanides, but only for the highetimices (Am-Lr). For the
early actinides the 5f shell can easily contribute to chahbonding due to its diffuse
character, and thus these actinides may reach formal exndstiates up to +7. The 4f
shell has a core-like character for all lanthanides, whié3f shell only becomes more
core-like with increasing nuclear charge along the actirsieries. Therefore the range
of possible applications of the recently published 5f-omecLPPs is certainly some-
what smaller than that for the 4f-in-core LPPs, which haveaaly successfully been
used during the last two decades by many researchers [8]e¥nwample quantita-
tive evidence is found that the 5f-in-core approximation loba made without too much
loss of accuracy for many cases, e.g. actinide trifluorid®sg0], actinide(lll) mono-
[19, 20] and polyhydrates [24], actinide(lll) motexafin qolexes [23], and crystalline
uranium nitride [25].

Table 1.1: The oxidation states adopted by lanthanides and actinidéiseir com-
pounds [1, 2]. The most stable oxidation state in aqueousisolis repre-
sented in red, and oxidation states only found in solids amengn paren-
theses.

Lla Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

(2 2 2 (2
3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
4 (4 4 4) ()
Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
(2) 2 @2 2 2 2
3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
4 4 4 4 4 4 4 4 (4
5 5 5 5 5
6 6 6 6
7 7

In the case of the f-in-core LPPs one PP for each oxidatide,sta rather, for each
corresponding f subconfiguration is needed, since the rfircbee error shows a no-
ticeable dependence on the f occupation (cf. Sect. 2.1]2Jpt lanthanides di- and
trivalent 4f-in-core LPPs [17,18] for La—Yb and La—Lu ar@a#able, respectively, and
for actinides trivalent 5f-in-core LPPs [19, 20] for Ac—Leve adjusted.

In this thesis the already existing f-in-core LPPs for adis and lanthanides will be
completed, i.e. di; tetra-, penta-, and hexavalent 5f-in-core actinide LRP®E—No,

1The parameters of the divalent 5f-in-core PPs | have alradflysted during my diploma thesis [19].



Th—Cf, Pa—Am, and U-Am, respectively, and tetravalentdéare lanthanide LPPs
for Ce—Nd, Th, and Dy will be adjusted. Corresponding basts $or use in both

crystal and molecular calculations will be optimized, andhe case of the actinides
core-polarization potentials (CPPs) will be generatedyrater to correct for the ne-
glect of static and dynamic core-polarization. These PP < and basis sets will be
tested in atomic and molecular calculations, and selegplications of the 5f-in-core

LPPs, e.g. on actinocenes, actinyl ions, and uranyl(VI) gexes, will be presented.
Furthermore, the recently adjusted 5f-in-valence urar@R®, which includes scalar-
relativistic effects as well as spin—orbit (SO) couplingll Wwe used to calculate the
fine-structure splittings of & and U'*, in order to assess its accuracy.






Chapter 2

Theory

2.1 Effective Core Potentials

In the following first the motivation for ECPs and the main apgmations of this
method will be described. Afterwards different kinds of EBGHII be discussed, i.e.
differences within the valence orbitals, the relativigtieatment, or the adjustment.
Furthermore, the valence-only model Hamiltonian and thedydical form of ECPs
will be given.

2.1.1 Motivation

The main reasons for the usage of ECPs are the computatenags resulting from
the chemically intuitive restriction of the explicit calations to the valence electron
system and the implicit inclusion of the most importanttiglatic effects by means of
a simple parameterization [7, 10, 26]. Since f-element® ma&ny electrons and show
large relativistic effects, calculations on moleculesteanng lanthanides or actinides
are often only feasible, if ECPs are applied. Certainly ti@Bpproach requires some
approximations (cf. Sect. 2.1.2), but it is a suitable carnise between the compu-
tational effort and the accuracy of the results.

If spin-dependent terms are averaged or neglected, thargedativistic ECP calcu-
lations can be performed using non-relativistic quantumnaistry with only slight
modifications [7, 26]. Even the transferability of ECPs (estgd with wavefunction-
based methods) to density functional theory (DFT) appeabetquite good [27], al-
though the non-linearity of the total energy as well as thieipttal in the density is
neglected [26].

Not necessarily every AE calculation yields a superior ItesCihe reason for this is
that ECPs allow to concentrate computational resourceb@mtportant parts of the
system, i.e. they shift computational effort from the cheaity unimportant core re-

7



8 CHAPTERZ2 THEORY

gion to the valence electrons, which primarily determire ¢hemical behavior [10].
Thus, a higher quality treatment of the valence electrorsygstem compared to the
AE case becomes possible, e.g., larger basis sets and noor@teccorrelation meth-
ods can be applied [26]. Furthermore, the introduction oPE@duces the basis set
superposition error (BSSE).

Finally, the ECP approach can help to avoid difficulties pldsg open shells, if these
are included in the core system. For lanthanides and aesndd-in-core [17, 18,
28] and 5f-in-core [20, 29, 30] PPs allow for calculationslarge complexes as lan-
thanide(lll) texaphyrins [22] and actinide(lll) motexadif23] (cf. Fig 1.1), respec-
tively, which were not feasible due to convergence probleamnected with the large
amount of low-lying LS-states. However, these PPs can oalggplied, if the f or-
bitals do not participate significantly in chemical bonding

2.1.2 Approximations

A fundamental decision prior to the construction of ECP&é&sdhoice of the core and
valence subsystems or the so-called core—valence sepefati From a quantum me-
chanical point of view the partitioning of a many-electrgistem into subsystems is
not possible, because electrons are indistinguishab]e f&vever, in the framework
of effective one-particle approximations as Hartree—HétfK) or Dirac—Hartree—Fock
(DHF) theory such a core—valence separation is possible [2& definition of core
and valence orbitals is either based on energetic or sagaments, i.e. on orbital
energies or radial maxima of orbitals [26].

The core—valence separation involves at least two shorgen On the one hand
the core-correlation consisting of core—core as well as-ealence correlation is ne-
glected, i.e. if ECPs are applied, correlation is only acted for the explicitly treated
valence electrons, and even the static polarization of tine at the HF level is not
considered. Due to the neglect of core-correlation bongdthes) ionization potentials
(IPs), and bond energies are affected [31]. Obtained bamgths and energies are
too long and too small, respectively, because the eleatlentron repulsion is over-
estimated, and calculated IPs are too small, since corelation stabilizes the atom.
On the other hand the core orbitals are assumed to be trabdpr the atom and
molecules regardless of the electronic state, which cporeds to the frozen-core ap-
proximation [7, 26]. Therefore care has to be taken thaballénergy configurations
of the neutral atom and low-charged ions, which might beconp®rtant in chemical
processes, are taken into account in the ECP adjustmeli[Hawever, only energy-
consistent PPs can be adjusted to more than one configyratioch constitutes an
advantage over shape-consistent PPs (cf. Sect. 2.1.6).

These two approximations are the more pronounced, therldrg&CP core. Thus, an
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BE-FECTIVE CORE POTENTIALS 9

Table 2.1: Relative DHF energies (in eV) of the 2J+1-weighted averdgal d levels

belonging to a non-relativistic configuration with respexthe value for
the Th [Rn]6d7s* ground state configuration (Table 3 from [7]). Only
subconfigurations outside the Rn core are listed. The fropea errors (in
eV) in the relative energies are given for 4, 12, and 30 vaetectron (VE)
systems. The frozen-core was taken from the neutral atomeirgtound
state configuration.

Frozen-core Error

Configuration DHF 4VE 12VE 30VE
60.301 1.113 0.005 0.000

7 35.394 0.593 0.002 0.000

78 17.357 0.292 0.002 0.000

6d 34.179 0.382 0.001 0.000

6d 7 16.505 0.154 0.000 0.000

6d 78 5.151 0.051 0.000 0.000

6c° 16.516 0.075 0.001 0.000

6c° 7s 5.434 0.013 0.000 0.000

6P 78 0.000 0.000 0.000 0.000

6’ 6.503 0.022 0.001 0.000

6 7 1.206 0.015 0.001 0.000

6d! 3.055 0.051 0.002 0.000

5f! 33.873 0.235 0.071 0.000
5f! 7 16.860 0.206 0.080 0.000
5f! 78 6.043 0.233 0.085 0.000
5f! 6d 17.279 0.292 0.065 0.000
5f! 6d 7 6.715 0.328 0.070 0.000
5! 6d! 78 1.645 0.358 0.072 0.000
5f! 6P 8.113 0.443 0.056 0.000
5f! 6P 7 3.138 0.442 0.059 0.000
5f! 6 5.186 0.514 0.048 0.000
5f2 20.073 0.997 0.226 0.001
5f2 7 10.028 1.022 0.221 0.001
5f2 78 5.327 0.961 0.208 0.001
52 6d 11.628 1.084 0.179 0.001
52 6d 7 6.952 0.862 0.164 0.001
52 6c° 9.010 0.606 0.112 0.001
5f3 16.336 1.375 0.272 0.001
5f3 7 11.444 0.850 0.195 0.001
5f3 6d 13.081 0.698 0.128 0.001
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appropriate choice of the ECP core is crucial. The validitthe frozen-core approx-
imation can be assessed using AE calculations. Relatvistiti-configuration DHF
(MCDHF) finite-difference calculations based on the Dit@odlomb (DC) Hamilto-
nian were performed for Th for a full variational solutionasll as for three types
of core definitions (cf. Table 2.1) [7]. From the chemical rgoof view the va-
lence electron system of Th consists of four electror’y§¢ which corresponds to
a core—valence separation according to orbital energiesieker, errors of more than
1 eV inionization and excitation energies arise, espsgcitthe 5f occupation number
changes. This is due to the fact that the 6s and 6p semi-cbitalsrare more diffuse
than the compact 5f shell. Therefore the change of the 5fpatcan will lead to a
significant change of the effective nuclear charge for tloesials and to a subsequent
relaxation, which is not possible, if these orbitals arduded in the ECP core. Fur-
thermore, a weak dependence on the 6d occupation is obséeealse this orbital
still has a noticeable radial overlap with the 6s and 6p sssng-orbitals. A much bet-
ter choice is to include the 6s and 6p semi-core orbitalservitience space leading to
ECPs with 12 valence electrons. In this case the dependémice fvozen-core errors
on the 6d occupation is negligible (at most 0.005 eV), wheeeaoticeable systematic
dependence of at most 0.272 eV on the 5f occupation is séfignt. These findings
can be explained by the radial overlap between the 5f valandés, 5p, and 5d core
shells. The best choice with respect to the frozen-core et@ small-core approach,
which separates core and valence space on the basis ofl spgtiments treating all
electrons with main quantum number larger than four expfidie. 30 valence elec-
trons. The frozen-core errors are at most 0.001 eV. Howelreraccuracy of these
small-core potentials is traded against the low computatioost of the large-core po-
tentials (12 valence electrons).

A possible correction for the neglect of static and dynanaieepolarization arising
from the core—valence separation and the frozen-core ajppation is the introduction
of CPPs [26], which are especially important for system& wdsily polarizable cores
as LPPs. Classically, the core—valence effect is attribtiat¢he polarization of the core
electron system by the valence electrons and other corelfendtial. [32,33] proposed
in the framework of AE calculations the use of an effectivd®G? the form [7, 26]

1
Vepe = =5 ;a{)f? (2.1)
. > Tir Ry
with f[ = — Z T—3w (’I“i[) + Z QJR—3w (RJ[) (22)
— Tir T2 JI

and  w(r) = (1—exp (—or?))" . (2.3)
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Hereal, denotes the dipole polarizability of the cdrandﬁ is the electric field at this
core generated by the valence electrons (at relative posifj;) and all other cores or
nuclei (with charges),, at relative positiong,;). Since the validity of the underlying
multipole expansion breaks down for small distances froarctire!, the electric field
f1 has to be multiplied by a cutoff factar. This ansatz was adapted by the Stuttgart
group [34—36] for the PP case and proved to be quite sucdéssfalculations using
energy-consistent LPPs of main group elements [37, 38ymid and 12 transition
metals [39, 40], and lanthanides [41].

Another approximation is the replacement of the core edectystem via the intro-
duction of an ECP, i.e. the usage of the valence-only modétad of the AE Hamil-
tonian [9]. If, e.g., the Dirac one-particle HamiltonianqRis substituted by the cor-
responding non-relativistic expression (2.7), relatiisffects are only accounted for
the core electron system by means of the ECP, while valereztrehs are treated
non-relativistically. However, it is a widely accepted tfabat for not too highly-
charged cores the valence electron system can be treatédrmally non-relativistic
scheme [9].

2.1.3 Model Potential vs. Pseudopotential

One distinguishes two main lines of ECP approaches, i.e MiReand the PP tech-
niques [7, 26]. The MP approach uses valence orbitals withdalnstructure corre-

sponding exactly to those of the AE valence orbitals andssttie (now unoccupied)
core-like orbitals to the virtual space. As an additiongragimation the PP scheme
(formally) introduces the so-called pseudo-valencetattiansformation, i.e. atomic
core and virtual orbitals are mixed into the valence orbjtal order to make these radi-
ally smooth and nodeless for the energetically lowest goiuh each angular symme-
try. Although the pseudo-valence-orbitals possess intieenacally inert core region a
simplified nodal structure compared to the AE or MP valendstals, their shapes in

the chemically important valence region as well as theirpaicle energies should
be similar to the AE case [7].

Experience from several benchmark studies shows that lpgttoaches are able to
yield results in excellent agreement with more rigorous A&hmods. However, both
schemes have advantages and disadvantages. The exacstnoctalre of the MP va-

lence orbitals in the core region requires compact basistifums, which are usually

not needed in the description of chemical bonding. Theestamsiderable savings
with respect to the one-particle basis set can be achielédte explicit requirement

of core—valence orthogonality is given up, introducingyakevalence-orbitals with

simplified nodal structure by including the necessary atiwes into the valence-only
model Hamiltonian. However, pseudo-valence-orbitalsl tiengive too large valence
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correlation energies as well as too large multiplet splifs, since the exchange inte-
grals involving these orbitals are overestimated. In pcadhe accuracy of correlation
energies from PP calculations is not worse than that from lellPutations and es-

pecially correlation contributions to energy differen@ssbinding energies are well
reproduced due to the modern PP parameterization [26].

2.1.4 Relativistic Treatment

In general the task of quantum chemistry is to solve the tilmgendent Schrodinger
equation

N 0
HY = ihg 0. (2.4)

where¥(x, Y, z,t) is the wave function, which contains all informations abasys-
tem. Fortunately, for many applications of quantum meatgto chemistry the cal-
culation of stationary stateg(x, y, z) is sufficient, i.e. the solution of the simpler
time-independent Schrédinger equation

Hy = Ey (2.5)

is needed, in order to determine the energy eigenvalyd2]. Supposing that the
movement of the nuclei are negligible compared to that oéthetrons (Born—Oppen-
heimer approximation) and that there are no external fighds Hamiltoniah & for
a system consisting of electrons with indices, j and NV nuclei with charges) and
indicesI, J is given by

B3 b+ 00+ 3 L
= i g(z,j)—l—z : (2.6)

R
i<j 1<y U7

For the one+ and two-particlej operators various expressions can be inserted, e.g.
non-relativistic, quasirelativistic, or relativistic agll as AE or valence-only formu-
lations [26]. The last term of (2.6) corresponds to the nugl@ucleus repulsion with
R;; being the distance between (point-charge) nuklend /. This potential energy

is independent of the electronic wavefunction, i.e. it i®astant for a given nuclear
configuration. Thus, the internuclear repulsion can be teahifrom (2.5), and after
finding the energy eigenvalue, it can be added to yield tred gvtergy [42].

How far ECPs include relativistic effects depends on the HHaman chosen to calcu-
late the AE reference data. For the non-relativistic Hamikn [43] the one-particle
operatorh is the Schrodinger Hamiltonian

~

N
hs(i) =~ - > 2 2.7)

7"‘,
=1 il

LAl formulas are given in atomic units (a.u.).
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and the two-particle operatgrcorresponds to the electrostatic Coulomb interaction

between electrons .

el ) = - (2.8)
The first term ofhg describes the kinetic energy of the electron, while the 1séco
one corresponds to the electron—nucleus attractionmyittreing the distance between
electroni and (point-charge) nucleus This non-relativistic Hamiltonian is the basis
of the HF method (cf. Sect. 2.2.1) and yields non-relatiwiSCPs, if used to calculate
the reference data.
The most accurate Hamiltonian nowadays is based on the Diragarticle Hamilto-
nian [7]

N

hp(i) = cdipi + (B — L)c* — Z @ ; (2.9)

T il
where the rest energy of the electréhwas subtracted, in order to have the same
zero of energy as in the non-relativistic case. In this dquoatis the light velocity,
pl = —N corresponds to the momentum operator forittleelectron, and, denotes
the 4x4 unit matrix. @; is a three-component vector, whose elements togetheriwith

are the 4«4 Dirac matrices
i A I, 0
= and = : 2.10
( ’ ) i-(v ) 210
These can be expressed in terms of the three-component vét¢he 2<2 Pauli ma-
tricesd

0 1 0 —i 10
0 = ;o= , 0.= , 2.11
m(ha)oem (D) (0 D) e

and the %2 unit matrix /5. In contrast to the Dirac one-particle Hamiltonian (2.9),
which is exact to all orders of the fine-structure constant /c, only approximate
expressions are known for the two-particle tejni7]. If this term is chosen to be
the non-relativistic Coulomb interaction (2.8), the DC Hiomian HDC correct to the
zero-order of the fine-structure constant

Hpc = hp(i) + goli, §) (2.12)

is obtained. The DHF as well as the MCDHF method are basedistitmiltonian,
which can be used to adjust relativistic ECPs. In additi@rttagnetic interaction and
the retardation of the interaction due to the finite lightoe#ly can be included using
the frequency-independent Breit interaction [7]

Qp
STR )

o 1y () ()
gop\t,)) = — — -
() Tij 2T 2r};

(2.13)
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The Dirac—Coulomb—Breit (DCB) Hamiltonian
Hpop = hp(i) + gen(i. j) (2.14)

is correct to the second-order of the fine-structure comnstdine contributions of
higher-order corrections, e.g. the vacuum polarizatiosedi-energy of the electron,
can be derived from quantum electrodynamics, but are ysoatjlected. Since the
Breit interaction is small compared to the relativisticeetks of the Dirac one-particle
operator (2.9), often it is not treated variationally, bather perturbatively after a vari-
ational treatment of the DC Hamiltonian [7]. The 5f-in-vade uranium SPP [16]
tested in this work was adjusted to such four-component AEDME/DCB data [44]
using a Fermi two parameter nucleus charge distribyt{oin [44, 45]

p(r) =1+ exp((r — Ruue) /)] (2.15)

The nuclear radius is derived from the nuclear masby R,,,. = 0.836 - 107 m -
M3 40.570 - 107> m, and the skin depth is= 2.30 - 10~ ° m.

However, the four-component methods face several diffesiliue to the Dirac one-
particle Hamiltonian (2.9), because it is not bounded frostoWw and gives rise to
so-called electronic and positronic states [7]. Thereforeenergy-variation without
additional precautions could lead to a variational cokapfkthe desired electronic so-
lution into the lower-energy positronic states [26]. Adlalially, at the many-electron
level an infinite number of unbound states with one electnaihé positive and one in
the negative continuum are degenerate with the desireti@ohaving all electrons in
bound electronic states [7]. A mixing-in of these unphyisstates is possible without
changing the energy and might lead to the so-called contingdigsolution or Brown—
Ravenhall disease [26]. Both problems are avoided by piogethe Hamiltonian onto
the electronic states by means of suitable operatarsSo the no-pair Hamiltonian

H,,= P, HP, (2.16)

is obtained, which is approximate due to the underlying DCGBrittonian as well as
the approximate nature of the DHF or MCDHF based projectjgeratorsP, [7].
Because of these difficulties PPs are often adjusted to rgletsristic reference data,
e.g., obtained using the WB method [46], which works withia LS coupling scheme.
The 5f-in-core [20,29,30] and 4f-in-core [17,18, 28] LPEgiated and/or investigated
in this thesis are one-component quasirelativistic PPadas AE WB reference data.
Within the central field approximation, where the electnumeleus attractio’ (r) is
spherically symmetric, for a one-electron atom one obtdiasadial WB equation by
elimination of the small components from the Dirac equafitgi

(BS F by + hp + BSO> P () = €nn P (1) - (2.17)
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In this second-order differential equation for the largenponents?,,.(r) besides the
non-relativistic Schrodinger Hamiltonian
e 1d> I(l+1)
ST o 212

+V(r) (2.18)

three energy-dependent relativistic terms occur, i.e. ssmalocityh,, a Darwin
hp, and a SQhgo term

2 2
h = —— — hp=—-———2B —_— = 2.1
w =Gl VOL . == B (5 -7) . @9
. a?dV . k41 a? -
h = __—Brm—u B, = (1 — e =V .
o= Wp, (1+ 5 e = V)

Equation (2.17) can be solved iteratively and yields thecexa@ectronic) eigenval-
uese,,. of the corresponding Dirac equation. Averaging over thatnaktic quantum

numbers
_f =(+1) forj=1+4+1/2
K_{ l forj=1-1/2 (2.20)

leads to a scalar-relativistic scheme.

2.1.5 Valence-only Model Hamiltonian

In ECP theory an effective model Hamiltonian approximationthe no-pair Hamil-

tonianf{np (2.16) is searched, which only acts on the electronic statesed by the

valence electrons. Several choices exist for such a valenlgemodel Hamiltonian,
i.e. four-, two-, or one-component approaches and expliginplicit relativistic treat-

ment. Since a reasonable compromise between accuracy facidnely is desired,
normally the one-component (scalar-relativistic) treatirand the implicit relativistic
treatment by ECPs using a non-relativistic Hamiltonianwsed. The formally non-
relativistic valence-only model Hamiltonian for a systenthan, valence electrons
andN cores with effective core chargésis given as [26]

R SERSXe,
Hv:_§ZAi+Zvc{/(T”)+Z_+Z Ji’ L+ Verp . (2.21)
i=1 =1 7

/,"4.
i<j Y I<J

Here, the subscriptg andc denote valence and core, respectively, &pdp is a CPP
(2.1). The number of valence electrons treated explicrilyhie calculations corre-

sponds to
N

ny=n—>Y (Z1—=Qi), (2.22)

1
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whereZ; and(@; denote the atomic number and the effective core charge efigor
respectively. The scalar-relativistic one-component BECRlescribes the interaction
of the valence electrons with cofeand its semilocal form is

Vi) = = Y Y V) = z?—ﬁz”i”fz%exp (~afr )P
! ! =11=0 &k
(2.23)

The PP/ F'? are represented as linear combination Gaussians for each angular
guantum numbefrincluded in the core, and

l
= > i) (Ilm| (2.24)

ml:—l

is the projection operator onto the Hilbert subspace of doneth angular quantum
numberl.

While the f-in-core PPs [17,18,20,28-30] are of this seegdtativistic one-component
type, the 5f-in-valence PP for uranium [16] is a quasireistic (including SO cou-

pling) two-component (semilocal) PP of the form [10]

L—1 1+1/2
Vi)=Y > ViriaB]. (2.25)
1=0 j=|I-1/2|

At the non-relativistic HF level all orbitals belonging tosaell with main quantum
numbern and angular quantum numblesire degenerate, thus leading to a PP depend-
ing on/ by means of a projection operatéf based on spherical harmonics. At the
relativistic DHF level the degeneracy is reduced and depeaadditionally ton and!

on the total angular momentuyrof the orbital (or spinor), i.e. here the PP depends on
[ andj by means of a projection operaté)§ set up with spinor spherical harmonics
|11jm;) [10]

J
Bh=>" [Hjmy)(Iijm;] . (2.26)

m;=—j

The relativistic PP (2.25) may be written as the sum of a §gie-averaged and a
spin-dependent SO-term [10]

‘/C{/(Til) = ‘/c{/,avg(rif) + ‘/cu SO(TZI) (227)

where
(L+ 1)‘/l,1l+1/2<ri1) + ”/},11—1/2(7"2‘1)

20 + 1 (2.28)

| (T’U) =

cv,avg
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and

L—-1

Vi o(rir) = Vi jo(rin) A
Vc;so("’il) = Z st ST 1’ / [lpl{l+1/2 — (I + 1)131{1—1/2 . (2.29)
=1

The semilocal termVé of the two-component PP (2.25) are as usual represented as
linear combinations of Gaussians [47]

Vii(ri) =Y Blyexp (=b,r7) (2.30)
k

2.1.6 Energy Adjustment

Among the PPs one may distinguish shape-consistent angyecensistent PPs. While
the former are adjusted to orbital data (orbital shape irvétence region and orbital
energy) of one reference configuration, the latter rely @R total valence energies
of all chemical important configurations of the neutral atamad its low-charged ions,
which are quantum mechanical observables [7]. Thus, ermrggistent PPs better
account for the transferability of the core orbitals, thecatled frozen-core approxi-
mation (cf. Sect. 2.1.2).

The energy adjustment consists of three steps [7]. Firstraference configurations
I are chosen and their total energi8” are determined using an AE method. Next
the AE total valence energids, " are derived by subtracting the core energy from
the total energie&'E. Finally, the free parameters (coefficients and exponéfttseo
Gaussians) of the PP are adjusted by a least-squares fittimahgalence energies of
the reference states. In the case of the WB f-in-core LPPsuiimeof weighted-squared
errors in the total valence energiE%’P with respect to the unmodified\(Zy,; ;,=0)
AE total valence energies;'”" is minimized

S @,[E}’P A AES,”-ft]?) = min . (2.31)
1

The weightsv; are typically chosen to be equal for all reference configoinat and
the requirements for the accuracy are 0.1 eV for the totanad energies of many-
electron configurations with one or two Gaussians per rauitdntial of eacli-value
included in the core [10].

In contrast to this for the adjustment of the MCDHF/DCB 5fvialence uranium SPP

a global valence energy shit £, was introduced as an additional adjustable pa-
rameter (cf. Fig. 2.1) [10, 16, 47]. Whereas the restrictmi E,; ,=0 implied that,
e.g., the ground state valence energy equals the sum ofkdéaiing from the neutral
atom to the core-electron system, this is not the case fonéwefitting procedure.
Here only the sum of all IPs leading from the neutral atom #orttost highly ionized
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system included in the adjustment is reproduced correthg. shift typically amounts
to 1% or less of the ground state total valence energy andncprove the accuracy
of the adjustment by one or two orders of magnitude, e.g. Heradjustment of the
U SPP with up to four Gaussians in each radial potential aoracg of better than
0.01 eV for configurational averages was achieved (cf. Fig2)316]. Furthermore,
thanks toA £, s, the adjustment to higher ionized states even with holesiie and
semi-core orbitals becomes possible.

The shift can also be viewed as a shift of the AE core energyhaais in Fig. 2.1
for the uranium SPP with 60 core and 32 valence electronpectisely [10]. Since
the bare core position relative to the valence states is xp#ated to be overly rel-
evant for chemical processes, this shift changing the eater energies can be justi-
fied [48]. Moreover, it is obvious that the quantities of netgt as the electron affinity,
IPs, and excitation energies, i.e. all possible energgifices between configurations
included as references remain unchanged [10].

B
A old U=PP new U-PP
UG24)
(52+) A A |shift
elc.
Ud+) \
UG+) Y
U@2+) Y
Y 7
U1+ y y
U(0)

Figure 2.1: Schematic presentation of the reference data (red arrcsva)el as the
data usually of interest (green bars) in the energy adjustofehe U 5f-
in-valence SPP. In contrast to the old WB for the new MCDHRA®PP
a shift of the core energik £, r, was included in the adjustment (Fig. 1.2
from [10] modified for the U SPP).
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2.2 Quantum Mechanical Methods

In general computational chemistry tries to solve the tinteependent non-relativistic
Schrédinger equation (2.5), in order to determine the gnergenvalue and other
physical properties of an atom or molecule. The four mairr@gghes are ab initio
methods, semiempirical methods, DFT, and molecular-nreced42]. Semiempir-
ical methods as the Hickel molecular orbital method use plgied Hamiltonian
and parameters, which are adjusted to experimental dataeoresults of ab initio
calculations. In contrast an ab initio wave function basgdudation applies the cor-
rect Hamiltonian and does not use any experimental data. DHe calculates the
electronic energy using the electron probability densistead of the wave function.
Molecular-mechanics, however, are not quantum mechame#hods, because they
do not deal with a Hamiltonian, wave function, or electronglty, but view molecules
as a collection of atoms held together by bonds and expresstrgy in terms of force
constants for bond bending and stretching and other paeasaéBecause molecular-
mechanics are much faster than quantum mechanical catmdasystems with up to
ten thousand atoms can be treated, wherefore these metieodstg, applied to deter-
mine solvation effects.

For the ab initio wave function based methods the exactioaldietween the wave
function« and the energy eigenvalugis the well-known (non-relativistic) Hamilto-
nian (cf. (2.6)—(2.8)). However, the wave functigx,, yi, z;, o1, ...) depends on
4n variables, i.e. the three spatial coordinates and thespirthen electrons. Since
the Hamiltonian contains only one- and two-electron sp&tians, the molecular en-
ergy can be calculated by integrals involving only six sglatbordinates [42]. Thus,
the wave function comprises more information than needed.964 Hohenberg and
Kohn proved that for molecules the ground state energy, \itavetion, and all other
electronic properties are uniquely determined by the gi@iate electron probability
densitypo(X, Yy, z), which is a function of three coordinates (Hohegb&ohn theo-
rem) [49]. However, in the case of DFT the functional relatitween the electronic
energyF, and the electron probability density is not known and has to be approxi-
mated.

In the following the applied (non-relativistic) ab initiogthods (the HF method, con-
figuration interaction (Cl), the multi-configuration selbnsistent field (MCSCF) me-
thod, the second-order Mgller—Plesset perturbation th@dP2), and the coupled
cluster (CC) theory) as well as the DFT will be described itadleThe Born—Oppen-
heimer approximation (cf. Sect. 2.1.4) is assumed to hottthuas only the solution
of the electronic Schrodinger equation for a given nucleafiguration is shown.
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2.2.1 Hartree—Fock Method

The Schrddinger equation for a many-electron system (ct5)€£2.8)) cannot be
solved exactly due to the electron—electron repulsion (&Bich couples the motions
of the electrons and thus makes a separation of this Scly@daguation impossible.
However, supposed that each electron moves in the averdgjeffibe others

—~ 1 - ~HF (:
— = vr(i), 2.32
Z Z (i) (2.32)
the problem can be decoupled. Due to this approximationthkectron wave function
¥(1, 2, ...,n) is factorized inton independent one-electron wave functions so-called
(spin)orbitalsp;. In the HF method the-electron wave function is approximated by a
Slater determinant

@ = % g;(—l)pkﬁki]j@(i) , (2.33)

which accounts for the fact that electrons are indistingaiide and which satisfies the
Pauli principle, i.e. the requirement that the wave funttimst be antisymmetric with
respect to interchange of any two electrons [42]. Herés the permutation operator,
which constitutes alk! possible configurations of theelectrons in the: orthonormal
spinorbitalsg,. p, accounts for the antisymmetry requirement, i.e. it comesis to
the number of interchanges needed to get/ttiepermutation. Forn orthonormal
spinorbitals (¢;]¢;)=6;;) the normalization constant ig'v/n!.

In order to determine the spinorbitals, the variation tkeeors exploited, i.e. the fact
that any (normalized) trial function, yields an energy expectation valig, which is
larger or in the best case{ = 1) equal to the true ground state eneigycalculated
using the exact (normalized) ground state wave funatipn

Eo = (tho| H|tbo) < (ol Htho) = Eq . (2.34)

Thus, the variation theorem allows to calculate an uppenf@ido the true ground
state energy of the system. The best trial function or Stiegrminant is obtained by
varying the spinorbitalg; to minimize £, (0E,/d¢; = 0).

Turning points of a function subject to constraints can tsgaed using the method
of Lagrange multipliers. For the minimum @f, with the constraint of orthonormal
spinorbitals, one gets one-electron equations, the so-called HF equations

~

foi=€idi . (2.35)
Since the Fock operator
N N n
F— 1__ Qr | mr _ 1__ Q1 PN f
f= g =D ) = gAY ili) = Ky(i)| (236)

I=1
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depends on its solutions, i.e. the spinorbitalsthe spinorbital energies can only
be determined iteratively using a self-consistent fieldK@rocedure. The sum of
the third term involves all occupied spinorbitglsand the Coulomb’;; and exchange
integralsk;; corresponding to the Coulomf; and exchangé%j operators are given
by

Ty = (il 60 = / N / T 0 ()E L e()d(Qdndn  (2.37)

and
Ky = (6K |0) = / / S (2L o, ()6udndr,  (2.38)

respectively. While the Coulomb operator accounts for teeteostatic Coulomb in-
teraction between electrons, the exchange operator takesccount the effects of
spin correlation [50], i.e. it includes the reduction of Beulomb energy due to the
fact that electrons with identical spins cannot occupy #maesposition. Since far;
Coulomb and exchange integrals are equgk(s;;), the electron self-interaction is
eliminated fromjF

Whereas the HF equations for atoms can still be solved neaitian additional ap-
proximation is needed to calculate molecular wave funetioe. the representation of
spinorbitalsy; as linear combinations of basis functiopsproposed by Roothaan in
1951 [42]

kmaw

¢i = Z CkiXk - (2.39)

k=1

The expansion coefficientg; are determined by the SCF procedure. The more basis
functions are utilized, the more accurate is the HF solytidrich for an infinite num-
ber of basis functionsk(,,.=oc) would correspond to the exact numerical solution,
the HF limit. If k., is large enough and the basis functionsare well chosen, the
spinorbitals are represented with negligible error [42].
The introduction of basis functions leads to the Roothaaragon

FC=5Ck¢, (2.40)

which is a matrix equation, wherg, C, and S correspond to the Fock, coefficient,
and overlap square matrices, regpe_ctively,_grimi a diagonal square matrix of the
spinorbital energies;. Since the basis functiong; are not orthogonal, the overlap
matrix S arises in (2.40), wherefore this equation is not a usualimatgenvalue
problem. However, the basis functions can be orthogordlising, e.g. the Schmidt
procedure, i.e. the overlap matrix becomes a unit matrixhedimpler equation

|~
I
o

(2.41)
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is obtained [42]. Thus, instead of the complicated intedjfferential equations (2.35)—
(2.38) only a matrix eigenvalue problem (2.41) has to beexblysing the Roothaan—
Hall formalism.

After iterative determination of and thus of the spinorbital energies the total HF
energy is calculated by

n n N CQ(Q
Eyp =Y e—> (Jj—Kj+)_ é”J . (2.42)
=1

1<J 1<J

Here the second term avoids that the electron—electrorsiepus counted twice, and
the third term corresponds to the so far neglected nucleuseums repulsion. The HF
energyEy r is typically by ca. 0.5% too large, wherefore quantitatisadusions, e.g.
for binding energies, cannot be drawn [42]. The reason fierdaviation is that only
the mean interaction between electrons with differentsjgitaken into account, while
the spin correlation, i.e. the deviations from a mean imtigra between electrons with
equal spins, is considered almost correctly. Thereforexaet non-relativistic energy
of the system is overestimated by the correlation endigy,., which is mainly the
difference between the exact and the mean repulsion bet@leetnons with opposite
spins

Ecorr = Eegart — Egr < 0. (2.43)

In the following, methods as Cl, MCSCF, MP2, CC, and DFT wdldresented, which
account for this correlation energy.

2.2.2 Configuration Interaction

One way to include the correlation energy,,.. is the application of a wave function
composed of more than one Slater determinant (configupatiime CI trial function
1y is represented by a linear combination of configuratioresianctions (CSFs¥.,,
which are Slater determinants or linear combinations oheSkater determinants [42]

Yo=Y de®, . (2.44)

This ansatz accounts for the mixing between the ground atateexcited states, and
the expansion coefficiently can be determined variationally by minimizing the energy
expectation valué’, exploiting the variation theorem (2.34) [50]. The consttaif
orthonormal CSF9,, yields a usual matrix eigenvalue problem

Hd = E¢d . (2.45)
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The configuration®, are built by distributing the electrons among the self-tsteat
spinorbitalsp; obtained by a HF calculation. The number of spinorbitalsesponds
to the number of basis functions., wherefore it is limited. If all possible configu-
rations®, are used for a given finite basis set, the calculation is ¢dilé CI [50].
Using an infinite one-particle basis s&t,(.=oc in (2.39)) and all corresponding con-
figurations, the full CI method would yield the exact wavedtion 1y and energy.
However, the practical solution for an infinite basis setas possible, because there
are infinite numbers of expansion coefficieatsandd,.

Since full Cl is only feasible for small molecules and basitssone needs criteria,
which allow a reasonable choice of CSFs [50]. A systematiz@gch to the selection
of CSFsis to include all those configurations, which diffenfi the leading or HF con-
figuration ®,, which has the largest expansion coefficiépnt by no more than some
spinorbitals. The CSFs are classified by the number of elesixcited from occupied
to virtual (unoccupied) spinorbitals df, i.e. singles (S¥°, doubles (D)®?, triples
(T) ®T, ... correspond to configurations, for which one, two, threeelectrons in
occupied spinorbitals were promoted to virtual spinotbjteespectively. For closed-
shell systems Brillouin’s theorem indicates that Hamiléormatrix elements between
the leading®, and singly excited configurations are identically zef®,(H|®°)=0),
i.e. singles do not mix (directly) with the HF configuratidfurthermore, Hamiltonian
matrix elements between configurations differing by moenttwo spinorbitals van-
ish, i.e. all configurations more than doubly excited do mottdbute (directly) to the
HF configuration. Thus, a first approach is the limitationxdited configurations to
doubles. However, in general singles are also includedusecthey mix with doubles
and thus have a non-zero effect on the calculations. Morgseme properties as the
dipole moment are affected by singles. Therefore in moshefGI calculations the
HF configuration as well as singles and doubles are used (CISD

2.2.3 Multi-configuration Self-consistent Field Method

In contrast to CI in the MCSCF method at least two equivaleBEE with similar
expansion coefficient$, are used [51]. While in the CI methods the expansion coeffi-
cientscy; of (2.39) are determined in a previous HF calculation and fieéd in the CI
calculation, both sets of expansion coefficientsandd, of (2.44) are simultaneously
optimized in the MCSCF method [50]. The MCSCF method yieldsnaller energy
eigenvalue than ClI, because the expansion coefficignése optimal for the MCSCF
and not for the HF wave function. However, the MCSCF methambimputationally
demanding and often not feasible.

One way to make the MCSCF method efficient is to divide the@pitals into ac-
tive and inactive orbitals [51]. The inactive orbitals camspd of the lowest energy
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spinorbitals are kept doubly occupied in all CSFs, whichtkant by distributing the
remaining active electrons among the active orbitals.l fpasible configurations are
taken into account, the complete active space SCF (CASSEH)au is obtained.
In this thesis the MCSCF method was used to avoid symmetgkimg at the or-
bital level, since the program MOLPRO [52] is limited to th®, point group and
subgroups. If, e.g., a configuration with a single p electras to be calculated, the
electron can either occupy the,mp,, or p. orbital leading to different spatial symme-
tries and thus different states, v, andi, [19]. Since the occupation of an orbital
lowers its energy, in the case of, e.g,, only the p, and p orbitals are degenerate,
while the p. orbital is energetically lower. Using the state-averaged3@F method
the degeneracy of the p orbitals can be described corregtlypbimizing the three
states); (j=z, y, z) simultaneously in the same orbital basis. The trial wavefions
of the three stateéj are given as linear combinations of three Slater deternsnin
(=2, y, 2)

b= di®; . (2.46)

The expansion coefficients; of (2.46) andcy; of (2.39) are varied to minimize the
energy for the averaged electron density of the three stgt¢g=z, y, z), whereby
each p orbital is occupied by one third.

2.2.4 Coupled Cluster Theory

The CC method account for the mixing between the leading océtHigurationd
and excited configurations by the following ansatz for tied twave function [42]
- . 1 1y = T*
lpo = e (I)(] = (I)Q—FT(I)O—F?T (I)O—F?T (I)0—|— = ﬁq)o . (247)
! ! — k!
The exponential operat@if is defined by the Taylor-series expansion and the cluster
operator]’ is
T =T +T+1T3+..+1T,, (2.48)

wheren is the number of electrons in the system, and the one-pasiatitation op-
eratorTl, the two-particle excitation operatﬁﬁg, etc. convert the Slater determinant
®, into linear combinations of all possible singl&s, doublesb?, etc. Since at most
n electrons can be excited, no operators beyfindccur in (2.48). In order to avoid
duplication of any excitation, the operatdisgenerate only determinants with excita-
tions from those spinorbitals, which are occupied in thdilegdeterminan®, and not
from virtual spinorbitals. Thusffcbo contains only doubly, anﬁ}z% only quadruply
excited configurations.
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Analogous to the full CI method the CC wave function (2.47a isnear combination
of the leading configuratio®, and all possible excitations of the electrons from
occupied to virtual spinorbitals. The aim of both methodsa@d CC is to determine
the expansion coefficients. However, due to the exponeamisatz the solution of the
non-linear CC equations is much more complicated than th&eamatrix eigenvalue
problem (2.45). Advantages of the CC over the Cl method owlyup if approxi-
mations with respect to the included excitations are takémaccount. For example
the restriction to doubly excited determinants gives thiedang CCD and CID wave
functions

N 1. 1~
Yeep = Py + Todg + §T§<I>0 + 6T23<I>0 + ... (2.49)
and Yorp = $o + Tyd, ) (2.50)

respectively. While the Cl wave function includes only teading configuratio®,
and double excitation”, the CC wave function contains additionally quadruple-hex
tuple, etc. excitations beside these configurations. Hewéve treatment of the higher
excitations is only approximate, because the expansiofficeats are optimized for
double excitations and the coefficients of, e.g., the qualgrexcited determinants are
determined as products of these coefficients [42].

From the discussion in Sect. 2.2.2 it is known that the mogtoitant excitations
are doubles and that singles play an important role for someepties as the dipole
moment. Thus, the cluster operator (2.48) is often trumctaienclude only singles
and doubles yielding the so-called CCSD method. Most widsbd is the CCSD(T)
method, where in addition triples are treated perturbbtive

2.2.5 Second-order Mgller—Plesset Perturbation Theory

Perturbation theory is the second major quantum mechaapgaoximation method
besides variation theory. This method is based on the aggamtpat the Hamiltonian
for a trueH and simplet/° model system differ only slightly by a perturbatiéi [42]

H=H+H". (2.51)
The simpler system with Hamiltoniati® is the so-called unperturbed system
O = EP9O, (2.52)

where £ andzpﬁo) are the unperturbed energy and wave function of statespec-
tively. The task of perturbation theory is to relate the umkn eigenvalued”, and
eigenfunctions), of the perturbed system

His = Eab, (2.53)
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to the known eigenvalues and eigenfunctions of the unpgeetusystem [42]. The
HamiltonianH of the true or perturbed system can be written as

H=H +)H . (2.54)

Since the Hamiltonia/ depends on\, the perturbed wave functiaf, and energye,
depend also on
s = PO 4+ M 4 A2 4 (2.55)

E,=E9 £ \EW 4 N2E® 4 (2.56)

The unperturbed wave functiqﬁo) and energ;EéO) are corrected by terms that are of
various orders in the perturbation. The correction teafis and £4Y, % and £,
etc. are called first-order, second-order, etc. corred¢taihe wave function and en-
ergy, respectively. For a small perturbatifiti the consideration of the first few terms
of the series will give a good approximation to the true waugction and energy [42].
The application of this method to systems of many intergqpiarticles is called many-
body perturbation theory. In 1934 Mgller and Plesset preg@smany-body perturba-
tion treatment, where the unperturbed wave function cpmeds to the HF function.
This form of the many-body perturbation theory is called M@iPlesset perturbation
theory [42].

For the ground state of closed-shell molecules the HF egusa({R2.35) for electrom

in an-electron molecule are

~

f(m)gi(m) = €;¢;(m) (2.57)
R 1 Y 0 "L X
with — f(m) = =58, = T—’I +3° [Jj(m) —K;(m)] . (2.58)
=1 ™ j=1

The Mgller—Plesset unperturbed Hamiltonian correspamttsstsum of the one-electron
Fock operatorg(m)

H =" f(m), (2.59)

and the HF ground state wave functidp (2.33) is an eigenfunction df° with eigen-
vaIueEéO) given by the sum of spinorbital energies

H®, = (Z em> o, = B ®, . (2.60)
m=1

The eigenfunctions of the unperturbed Hamiltoni#hare the zero-order wave func-
tions and correspond to all possible Slater determinamtsed by distributing the:
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electrons among the spinorbitals The perturbatior’ is the difference between the
true 4 and unperturbed?® Hamiltonian (cf. (2.51)) and corresponds to the difference
between the true and the HF electron—electron repulsioichak an average poten-
tial [42].

The HF energyF r is the expectation value associated with the ground stave wa
function ®, and is equivalent to the sum of the unperturbed en@ﬁg/and its first-
order correctiorf,”

Eyp = (0o H|Dp) = (o H® + H'|Dg) = (Po| H°|Po) + (Do|H'|Py)

= (WO [H) + (P H Y = B + B, (2.61)

because the unperturbed wave functj&é?? is chosen to be the HF ground state wave
function®,. Thus, to improve the HF energy, one has to include at leasselsond-
order energy correction

N 2
) 7O (|7 @o)|
£ :Z< s | H'| o) (Ro| H'|hs™)

(2.62)
E.((]O) 0 - E(()O) 0

s#£0 s#

Here the unperturbed functioaéo) are all possible Slater determinants exceptigr

i.e. singles®”, doubles®?, ... Therefore the effect of the perturbation is to mix-in
contributions from other (excited) states [42].

From the discussion in Sect. 2.2.2 it is known that only theldp excited determi-
nants®” have non-zero Hamiltonian matrix elements with and thus only doubles
contribute tQE((f). The eigenvalues of doublég’ differ from the eigenvalue of the HF
ground state wave functiob, solely by replacement of the energies of two occupied
spinorbitalse; ande; by those of two virtual spinorbitals, ande,. Hence in (2.62)
EY — E = ¢, + ¢; — ¢, — ¢, because the other spinorbitals vanish

vir occ

1y oa 2
E(2 ZZ ‘ ab‘ﬁz |ij) — <ab‘7"121|ﬂ>} ’ (2.63)

€+ € —€ — €

a<b i<j

where  (ablr;]i) = / / S (O ()6;Qdndn . (2.64)

Here; and¢, denote occupied ang, and¢, virtual spinorbitals. Taking the molec-
ular energy as
Eo~EP + EV + E® = Eyp + EP | (2.65)

gives a MP2 calculation, where the two indicates inclusibereergy corrections up
to second-order. In addition to the basis set truncatioor et the previous HF cal-
culation, i.e. the usage of an incomplete basis set, an duerto truncation of the
Mgller—Plesset perturbation energy@f?) occurs.
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2.2.6 Density Functional Theory

The foundation for DFT was created by Hohenberg and Kohn 6418 proving that
the electron density, (X, y, z) of the ground state contains all necessary infoilonat
to determine the ground state energy, wave function, aratla electronic properties
(Hohenberg—Kohn theorem) [49]. Thus, the ground statetreleic energyF), is a
functional of py

Ey = Eylpo) . (2.66)

where the square brackets denote a functional relation [Bi2¢ electron probability
densityp is the probability of finding any of the electrons (with arbitrary spin)
within the volumedr; and is defined as

plx,y,z) = p(ry) = n/ /w*wdaldTQ...dTn (2.67)

with dr; := drido; and =Y, 72, ey Thy 01,09, ..y 0p) . (2.68)
The purely electronic HamiltoniaH is given by
1 n n N Q n 1
T _T LV 7 . =l il
H=T+Voy +Vee = =5 > A ZZM+ZTU. (2.69)
=1 i=1 I=1 1<J
The kinetic energy of the electrofis as well as the electron—electron repulsidn
are represented by universal operators depending onlyeamumber of electrons in
the system. The electron—nucleus attractiQr is a specific operator depending on
the atoms in the system, i.e. on the number of nuletheir positionséf, and their
chargeg);. Itis also called external potential, since it is producgalarges external
to the system of electrons [42].
The electron probability density includes all informations for the electronic Hamil-
tonianH. The number of electrons can be calculated by

using the normalization af. The informations on the nuclei can be determined from
the maxima of the electron probability density.e. the number of nucléV is equal to
the number of maxima, the nuclear positidﬁﬁcorrespond to the maxima positions,
and the nuclear charg€ are proportional to the gradient at the maxima positions.
Since the ground state energy is a unique functional ofy, SO must be its individual
parts [42]

Eolpo) = Tpo] + Venlpo) + Veelpo] - 2.71)
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While the functionals'[p,] andV..[p,] are unknown, the electron—nucleus attraction

A

Ven[po] is known and given as [42]

Ven = -y polr) g 2.72
en =—{ %o ZZT_[ Yo —_ZQI - Ty . (2.72)
=1 I=1 I=1

In 1965 Kohn and Sham devised a practical method to find tloéreteprobability den-
sity po and to calculate the ground state enefgyfrom this electron density, i.e. they
provided a solution to the problem of the unknown energy $&Fip,] and V.. [po] [53].
They suggested to formally split the functiondlg,] andV...[p,] into two parts, where
one partlI'5[p,] andV*%[p,] can be exactly calculated and the other still unknown
partAT[,oO] andAV,, [po] contains the deviation of these terms from the real funetion
als [42]

AT(po] = Tlpo] = T*%[po] (2.73)
AVee[po] = Veelpo] = VES o] - (2.74)

The electron—electron interactid’>[p,], which can be determined exactly, is the
classical expression for the electrostatic electront&acepulsion energy, if the elec-
trons were smeared out into a continuous distribution ofgiavith electron density

po [42]

. 1 7 .

Vol = — [ [ g, (2.75)
2 T12

For a reference system afnon-interacting electrons the HamiltoniaH<s is

n

I:IKS:Z

i=1

n

1 Y 0
~5 A s _I] = 3 (2.76)
I=1

7.
_ il i—1

and the kinetic energy’*$[p,] can be calculated by

n

(o] = —5 S UGS )|A 65 (1) (2.77)
i=1

where each Kohn—-Sham spinorbitdi“ is an eigenfunction of the one-electron oper-

atorh s [42)].

As mentioned before the functionad&z‘f[po] and Af/ee[po] are unknown and contain

the deviation from the real system. Defining the exchangeeladion energy func-

tional £,.[po] by [42]

A ~

Eielpo] := AT(py] + AVilpo) (2.78)
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the energy of the ground state can be written as

=2

n

Eqlpo] = —% ;(aﬁf{s(l)mlwf{s(n) — ;Q[ / p(;ﬂ(:)dﬁ
+1//Mdf’df + Eelpo] (2.79)
2 19 1472 zelPo] - )

The first three terms on the right side of this equation arg gasvaluate fronp, and
include the main contributions to the ground state enerdye fburth quantity~,..,
although not easy to evaluate exactly, will be a relativeial term.

Hence, the ground state enerfjy can be calculated fromy, if the Kohn—Sham spin-
orbitals$X° are found and if the functional Eis known. The spinorbital’® can
be determined by using the variational theorem (2.34) [#jwever, the exchange—

correlation functionaF,.. has to be approximated. Numerous schemes were developed

to obtain approximate forms for the exchange—correlatiorctional, e.g. the local
density approximation based on a uniform electron gas, émemglized gradient ap-
proximation, which takes into account that the electrofritistion within a molecule
is far from being uniform, or hybrid-type functionals, whimix together the exact HF
exchanger, with gradient-corrected,.. formulas [42].



Chapter 3

Results and Discussion

3.1 5f-in-core Pseudopotentials for Actinides

In this Section the adjustment of the quasirelativisticcgpeconsistent 5f-in-core PPs
for di- [29], tetra- [29], penta- [30], and hexavalent [3@}iaides will be described.
Furthermore, the adjustment of CPPs for the di- [29], tdH[&nd tetravalent [29] PPs
and the optimization of valence basis sets [29, 30] will bespnted. Finally, atomic
and molecular test calculations as well as some applicatdihbe discussed, in order
to assess the accuracy of the PPs, CPPs, and basis setstivegpe

3.1.1 Adjustment of the Pseudopotentials

The 5f-in-core PPs corresponding to di-(5f, n=5-13 for Pu-Nd)[29], tetra- (5!,
n=1-9 for Th—Cf) [29], penta- (Bf 2, n=2—6 for Pa—Am) [30], and hexavalent {5f,
n=3-6 for U-Am) [30] actinide atoms were similarly generatsdhe PPs correspond-
ing to trivalent oxidation states (5fn=0-14 for Ac—Lr) [20]. The parameters for di-
and tetra- as well as for penta- and hexavalent PPs are lisfEables A.3 and A.4,
respectively. The 1s-5f (spherically averaged) shellgrataded in the PP core, while
all orbitals with main quantum number larger than five arated explicitly, i.e. 10,
12, 13, and 14 valence electrons for the di-, tetra-, peatat hexavalent PPs, respec-
tively. In the case of the di- and tetravalent PPs the s-,ni,caPPs are composed of
two Gaussians each and were adjusted by a least-squarethft timal valence ener-
gies of nine and 18 reference states, respectively (cf.eTAbdl). In the case of the
penta- and hexavalent PPs the s-PPs are composed of thrtegndind d-PPs of two
Gaussians, which were adjusted to 18 reference statesdbfe A.2). The reference
data were taken from relativistic AE calculations using B scalar-relativistic HF

1The parameters of the divalent 5f-in-core PPs | have alradflysted during my diploma thesis [19].

31
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approach. Both AE WB as well as PP calculations were perfdrmiéh an atomic
finite-difference HF scheme [55].

In order to allow for some participation of the 5f orbitalsahemical bonding, the
f-parts of the PPs are designed to describe partial ocansatf the 5f shell, which
are larger than the integral occupation number implied leyvhlency, i.e. 3frita
(n=5-13 for Pu-No), 8t 1+ (n=1-9 for Th—Cf), 5¢=2*¢ (n=2-6 for Pa—Am), and
5f»=3+4 (n=3-6 for U-Am) with0 < ¢ < 1 for di-, tetra-, penta-, and hexavalent ac-
tinide atoms, respectively [18]. These f-PPs consist oftiypes of potentialy/; and
V5, which are linearly combined as follows [20]

V= (1 _ 71"—4) v1+1—”jlv2. (3.1)
Here m is the integral number of electrons in the 5f orbitals keptha core, i.e.
m=n+1, m=n—1, m=n—2, andm=n—3 for the di-, tetra-, penta-, and hexavalent
case, respectivelyV; andV,; model 5f shells, which can and cannot accommodate
an additional electron, respectively. Thig, is the exact potential for a Sbccupa-
tion, whereasV, is exact for 5*. V, was adjusted to four reference configurations
of highly-charged actinide ions (&n, n=9, 11-13 for di-, tetra-, penta-, and hexava-
lent PPs), where a single valence electron is situated irbthéf, 7f, and 8f shell,
respectively. FolV, only three reference configurations were used, i.e. theaete
configuration with the additional electron in the 5f shellsnamitted.

For divalent PPs the errors in the total valence energiesitéfdifference HF calcula-
tions are smaller than 0.07 and 0.10eV for s-, p-, d-partd-quadts, respectively (cf.
Tables A.5 and A.7). For tetravalent PPs these errors arkesriiean 0.10 and 0.15eV
(cf. Tables A.5 and A.7). For pentavalent PPs these errerbelow 0.06 and 0.30 eV,
and for hexavalent PPs below 0.03 and 0.76 eV, respectigklydbles A.6 and A.8).
Since the errors for the penta- and hexavalent f-PPs andyclaaer than 0.1 eV, it was
tried to use two Gaussians for andV,. In this way the deviations could be reduced
to at most 0.05 eV for both penta- and hexavalent PPs. Howiinese f-PPs yield too
strong 5f orbital participations especially in the casef8f be. for Pak and UR; LPP

5f occupations are by 0.15 and 0.52 electrons larger thansS$B€&cupations, respec-
tively (5f occupations for LPP/SPP: Pa6.71/0.56; Uk 1.68/1.16 electrons). More-
over, the deviations between LPP and SPP bond lengths arglenare at least twice
as large, if two Gaussians instead of one are use&foaandV, (f-PP with one/two
Gaussians: PaFAR,,=0.013/0.032A,AR.,=0.012/0.039 A,AE=0.052/0.334 ¢V,
UFs AR=0.0004/0.042 AAE=0.29/0.68 eV). Thus, only one Gaussian is used/for
andV, and the greater errors of 0.30 (0.4%) and 0.76 eV (0.7%) ®tdhtal valence
energies of the highly-charged ions &h and An3* for the adjustment of penta- and
hexavalent f-PPs are accepted, to avoid a too strong 5Sabgatticipation.
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3.1.2 Adjustment of the Core-polarization Potentials

The parameters of the CPPs, i.e. the dipole polarizalsildied cutoff parameters, are
listed in Table A.10. For the CPPs corresponding to di- [29]]54], and tetravalent
[29] 5f-in-core PPs the DHF dipole polarizabilities of 'Ra (1.0407 a.u.) and N&"
(6.4819a.u.), AE+ (0.8982a.u.) and L't* (3.7501 a.u.), and TA*™ (0.78304a.u.) and
Rf!?* (2.5179a.u.) were used to interpolate those of the othéf"Amn!'*, and
An'?* cores, respectively, because the DHF program package §6paly handle
closed-shell systems. Since the dipole polarizabilitiethe highly-charged PP cores
An'%* An!'* and Ant?* are strongly dependent on the presence of the valence elec-
trons, the polarizabilities were calculated using thetatbiof the neutral An atoms,
the An*, and the AAT cations with the subconfiguration®®®°7<* for di-, tri-, and
tetravalent CPPs, respectively.

Since the MOLPRO program package [52] provides two possiltieff factors

w(r) = (1 — exp (—57’2))0'5 (ntype=1in MOLPRO) (3.2)

and
w(r)=1—-exp (—57’2) (ntype=2in MOLPRO), (3.3)

first it was tested, which cutoff factor yields the best resui the case of the 5f-in-
core LPPs. Some electronic transitions, where a 7s elermmized, were calcu-
lated at the LPP+CPP CCSD(T) level using the two differendftdactors, and the
results were compared to SPP CCSD(T) calculations, because not enough ex-
perimental data are available. The SPP CCSD(T) data wecellagdd without SO
coupling at the basis set limit [21] except for the transifasing the tetravalent PPs,
which were calculated using the standard basis sets (146#8f6g)/[6s6p5d4f3g]
[21]. The LPP+CPP CCSD(T) calculations were carried out WIDLPRO [52] using
(10s10p10d8f6g) even-tempered basis sets, which were CIOSDergy-optimized
for the 6d7s', 6d'7s (Ac)/7s7p' (Lr), and 6d7s valence subconfigurations of the
neutral atoms for di-, tri-, and tetravalent PPs, respebtivin both LPP+CPP and
SPP CCSD(T) calculations no orbitals were frozen. In the adghe divalent PPs
the cutoff parameter for both cutoff factors was chosen té4fe5, while for the tri-
and tetravalent PPs it was chosen ta)b&.0. As one can see from Table 3.1 the SPP
values are in general overestimated by up to 1.45 (Lr) an8éV/3(first transition of
Bk) for ntype=1and ntype=2 respectively. Only for the second transitions of Am
and Th the LPP+CPP calculation usintype=2and both LPP+CPP calculations un-
derestimate the SPP values, respectively. Sitgpe=2yields always smaller values
thanntype=1except for the second transition of Th, the results usitype=2agree
clearly better with the SPP reference data. Therefore thffactor was chosen for
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the CPPs corresponding to the actinide 5f-in-core LPPsomtrast to this for the lan-

thanide 4f-in-core LPPs the CPP cutoff factor witlype=1is used [41]. This can be
explained by the fact that for lanthanides experimentaleslbre available, which are
typically underestimated by quantum mechanical caloteti Thus, in comparison to
experimental data the larger values obtained by ustgge=1should be favored.

Table 3.1: Electronic transitions (in eV) calculated at the LPP+CPPSO(T) level
using both possible cutoff factorgype=1(3.2) andntype=2(3.3) in com-
parison to SPP CCSD(T) reference data [21].

An Transition SPP ntype=1 ntype=2
divalent CPPs
Am 78 —74 5.85 6.07 5.95
78 =79 11.81 11.87 11.61
No 78 —75 6.50 7.02 6.55
78 —79 12.69 13.79 12.84
trivalent CPPs
Ac 78 —7s 11.73 11.78 11.75
Lr 78 75 14.40 15.85 14.68
tetravalent CPPs
Th 678 —6dP7s 6.29 6.30 6.29
678 —6dP7< 12.35 12.13 12.30
Bk 678 —6P7s 6.68 7.16 7.03
6F7st —6R7< 13.78 14.13 13.88

The cutoff parameters were fitted at the CCSD(T) level to thlewing IPs: IR +IP;

of Am and IR, IP, of No (divalent PPs); IB IP, of Ac and IR, IP; of Lr (trivalent
PPs); IR, IP, of Th and IR, IP; of Bk (tetravalent PPs). The reason why these ac-
tinide elements were chosen are their unoccupied (Ac, Tdl),decupied (Am, Bk),
and fully occupied (No, Lr) 5f orbitals, respectively, séna these cases more accurate
reference data are available, i.e. SPP CCSD(T) calcukatigthout SO coupling us-
ing extrapolation to the basis set limit [21]. However, floe iPs of Th and Bk needed
to adjust the tetravalent CPPs standard basis sets [21]taleea to obtain the SPP
CCSD(T) reference data. The LPP+CPP CCSD(T) calculatiars warried out with
MOLPRO [52] using the (10s10p10d8f6g) even-tempered lsets The cutoff pa-
rameters of the other di-, tri-, and tetravalent actiniggrednts were interpolated using
the values of Am (0.6980)/No (0.2404), Ac (0.8727)/Lr (®8% and Th (0.9293)/Bk
(0.4867), respectively.
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3.1.3 Optimization of the Valence Basis Sets

In the following the optimization of the valence basis seig@sponding to di- [29],
tetra- [29], penta- [30], and hexavalent [30] 5f-in-coresR#All be presented in two
parts, i.e. first the generation of the primitive and thert tifahe segmented con-
tracted basis sets will be given. The basis set parameteltsted in Tables B.1-B.4
for di-, tetra-, penta-, and hexavalent PPs, respectively.

3.1.3.1 Primitive Basis Sets

The Gaussian-type-orbital (GTO) valence basis sets fof28i}, tetra- [29], penta-
[30], and hexavalent [30] 5f-in-core PPs were constructealagous to those for
trivalent PPs [20]. But here only two different sets of ptine Gaussian functions
(4s4p3d)+2slpld and (5s5p4d)+2slpld were derived, Sied®$6p5d)+2sipld ba-
sis sets for trivalent PPs yield results, which are almogh@same quality as those of
the (5s5p4d)+2slpld basis sets.

First, basis sets for use in crystal calculations were etkdte. in the divalent case
(4s4p) and (5s5p) basis sets were HF energy-optimized [@7ihe Artt 6s°6p°
valence subconfiguration. In the tetra-, penta-, and héxavaase (4s4p3d) and
(5s5p4d) basis sets were HF energy-optimized [57] for tHé®B6d' valence sub-
configuration of Ad*, An**, and AR*, respectively. To avoid linear dependency in
solid state calculations, which are usually caused by apdsetween too diffuse func-
tions of the densely packed atoms, all exponents, whichrbecanaller than 0.15,
were fixed to this value and the remaining exponents werdireed. Furthermore,
all optimizations were carried out with the requirement tih@ ratio of exponents in
the same angular symmetry must be at least 1.5, becausditufsrsteep Gaussians
tend to a coalescence resulting in a linearly dependens ja8]. For divalent PPs
the basis set errors in the valence energies with respectencal finite-difference
LPP HF calculations [55] are below 0.11 and 0.03 eV for (4sstp) (5s5p), respec-
tively, and for tetravalent PPs these errors are below @i®a07 eV for (4s4p3d) and
(5s5p4d), respectively (cf. Table B.5). For pentavalerd Pése errors are below 0.09
and 0.02 eV for (4s4p3d) and (5s5p4d), respectively, antiégavalent PPs these er-
rors are smaller than 0.13 and 0.03 eV (cf. Table B.6). Thuigaat the larger (5s5p)
and (5s5p4d) basis sets show errors below 0.1 eV, which iethessted accuracy, be-
cause it corresponds to the accuracy of the PP adjustment.

Secondly, the valence basis sets were augmented by addhgfe?2s1p4d and 2s1p5d
low-exponent Gaussians to (4s4p) and (5s5p), respectaehyell as a set of 2s1pld
to (4s4p3d) and (5s5p4d) yielding final (6s5p4d) and (7sppSidhitive sets for use
in molecular calculations. The added exponents were HFggrmstimized [57] for
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the 7¢ (1S, s-basis), 79p* (3P, p-basis), and 6ds' (D, d-basis) valence substates
of the neutral actinides for the divalent PPs as well as ferGif7s’ valence subcon-
figuration of the neutral actinides for the tetravalent PRsthe case of the penta-
and hexavalent PPs the additional exponents were HF eoptyypized [57] for the
6’7 and the 6d7< valence subconfigurations of the neutral actinides, reisede
The differences in the valence energies with respect to noaidinite-difference LPP
HF calculations [55] are below 0.15 and 0.04 eV for (6s5p4d) &s6p5d) of diva-
lent PPs, respectively, and below 0.14 and 0.08 eV for takeaw PPs (cf. Table B.5).
For pentavalent PPs these differences are below 0.11 aBad.or (6s5p4d) and
(7s6p5d), respectively, and for hexavalent PPs below @l®a05 eV (cf. Table B.6).
Therefore also the (7s6p5d) molecular basis sets areylealdw 0.1 eV.

Finally, sets of 2f1g correlation/polarization functiowgre energy-optimized in CI
calculations [52] for the 7s 6#7<*, 6d°7<}, and 6d7s* ground state valence sub-
configurations for di-, tetra-, penta-, and hexavalent P&gectively. For penta- and
hexavalent PPs all exponents were optimized explicitlyweleer, for di- and tetrava-
lent PPs only the exponents of Pu, Fm—No and Th, Pa, Bk wemniaed explicitly,
while those of Am—Es and of U-Cm, Cf were interpolated.

3.1.3.2 Contracted Basis Sets

The basis sets were contracted using different segmentechction schemes (cf. Ta-
ble 3.2) to yield basis sets of approximately valence deuliple-, and quadruple-
zeta (VDZ, VTZ, and VQZ) quality for the s and p symmetriescase of d symme-
try at least a triple-zeta contraction was necessary anii@uaial sets with less tight
d contraction are also offered (VDZ: [4s3p3d], VTZ: [5s4p38s4p4d], and VQZ:
[6s5p4d])).

Table 3.2: Contraction schemes.

Contraction Scheme

Contraction (6s5p4d) (7s6p5d)

[4s3p3d] {2211/221/211} {3211/321/311}
[5s4p4d]* {21111/2111/211} {31111/3111/2111}
[6s5p4d] {211111/21111/2111}

%In the case of the (6s5p4d) basis set the VTZ contractiorsi$d3d].

The errors in total valence energies of theé Bl (divalent) and 687’ (tetravalent)
valence substates with respect to numerical finite-diffeed PP HF calculations [55]
of all contracted basis sets are below 0.2 eV (cf. Table Bnhe case of the divalent
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PPs all contractions of the (7s6p5d) and for the tetravalasé¢ the VQZ contraction

of (7s6p5d) yield errors smaller than 0.1 eV. For pentavaid?s the errors in total
valence energies of the &&&’ valence substates for the contracted (6s5p4d) basis sets,
the VDZ as well as the VTZ contracted (7s6p5d) basis setstta®QZ contracted
(7s6p5d) basis sets are below 0.17, 0.08, and 0.03 eV, tasge¢cf. Table B.8). For
hexavalent PPs these errors in total valence energies @di7e’ valence substates
are smaller than 0.33, 0.13, and 0.06 eV, respectively @flelB.8). Thus, at least the
(7s6p5d)/[6s5p4d] VQZ basis sets fulfill the requested ezyuof 0.1 eV.

3.1.4 Atomic Test Calculations

In order to test the di- and tetravalent 5f-in-core LPPs g8 their corresponding ba-
sis sets as well as the di- [29], tri- [54], and tetravale®f [2PPs, the first and second
IPs for the actinides were calculated. Table 3.3 lists teetednic ground states and
the configurations of the singly- and doubly-charged adési The 5f occupation of
the configurations determine which LPP has to be used tola#dcthe IPs, i.e. 3f!,
5f*, or 5f"~! (n=0-14 for Ac—Lr) occupations correspond to di-, tri-, antiaealent
oxidation states, respectively. As one can see from Tal3léd8.eight, six, and one
actinide di-, tri-, and tetravalent LPPs were used, re$gayt In the case of the sec-
ond IPs the values of Th, U, Np, and Cm could not be calculatetdeal PP level,
because for these IPs the 5f occupation changes due to tlzation, what cannot be
described, if the 5f shell is included in the PP core.

State-averaged MCSCF with subsequent CCSD(T) calcukaticere performed in
MOLPRO [52] using LPPs with and without CPPs and uncontth¢fs6p5d2f1g)
valence basis sets. The state-averaging was necessamyidcsgmmetry-breaking at
the orbital level, since MOLPRO [52] is limited to tHe,;, point group and subgroups.
In the CCSD(T) calculations no orbitals were frozen. Singeegimental data [59—-61]
are only available for IP(except for Lr) and IR of Ac, the LPP results are also com-
pared to 5f-in-valence SPP calculations from the litea{@1]. The SPP IPs were
determined using state-averaged CASSCF with subsequdtitrafarence averaged
coupled-pair functional (ACPF) calculations [52]. In th€RF calculations the 5s, 5p,
and 5d orbitals were frozen. The calculations did not inel&® coupling and were
performed at the basis set limit, i.e. (14s13p10d8f6gahésjs sets were used except
for Pa, where the standard basis set (14s13p10d8f6g)4646pg] had to be applied
due to convergence problems. The LPP results as well as gerimental [59—-61]
and SPP reference data are listed in Table C.1.

Figure 3.1 shows the first ionization potentials for theradgs from LPP calculations
with and without CPPs in comparison to experimental datajgixtor Lr, where a
SPP value is given. The experimental data are always urtaeedsd by both LPP
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Table 3.3: Electronic ground states and configurations for the aatic@ions Af™
(n=1-2) [7]. Configurations with 5f occupations correspogdio di-, tri-,
and tetravalent oxidation states are listed in black, graed blue, respec-
tively. Configurations, whose 5f occupation changes dubéadnization,
are given in red.

An An An't An?t
Ac 6d' 78 78 7s
Th 678 6P7s 5fled
Pa 5f26d' 7 5f27< 5f26d!
U 5f36d' 73 537 5f4
Np 5f6d 7< 5f6d. 74 5
Pu 567 5f675 5f6
Am 5f7 78 5f77s 5f7
Cm 5f6d' 78 5778 58
Bk 5f7< 575 5f°
Cf 5f107¢ 5f1075 5f10
Es 5f17¢ 5fl178 5fl1
Fm 5f27¢ 51274 5f12
Md 5f137< 51375 5f13
No 5f47¢ 5f147s 5fl4
Lr 5f4787p! 5fl47¢ 5fl474

and LPP+CPP calculations. The mean absolute error (mand.jnean relative error
(m.r.e.) for the LPP data amount to 0.40eV and 6.8%, respgt(cf. Table C.1).
The deviations are smaller than 0.35 eV except for Pa, U, @ohLa where they are
0.55-1.07 eV corresponding to 14-18%. One reason for tlaege Hifferences are
the neglect of SO effects. However, the SO effects caladilatehe SPP level [21]
amount only to 0.10, 0.14, and 0.18 eV for Pa, U, and Cm, reisgeég and the refer-
ence value for Lr is a SPP ACPF calculation without SO cougplifherefore the SO
coupling explains only a small part of these errors. The noaueial reason is that the
IPs calculated at the 5f-in-core LPP level occur betweensaesl instead of high-spin
LS-states, because the 5f shell is included in the PP corésahds treated in an av-
eraged manner. In Fig. 3.2 the SPP/experimental and LPBiticars for 5f6d'7<’
to 5f*7<’ are given. As one can see the gap between the high-spin arspiovstates
is the larger the more unpaired electrons exist in the cens@iconfiguration, i.e. the
splitting for the initial 5f6d'7<’ is clearly bigger than that for the final"5fs’ state.
Therefore the LPP IP is too small, because the energy loskdanitial state is bigger
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than the energy gain for the final state. Since for Pa, U, CihLaa 6d or 7p electron

is ionized, the experimental or SPP values are underegim&br the other elements
this error does not occur, because a 7s electron is ionizedhE first IP of uranium,
i.e. 5£6d!7¢ to 56875, AE WB calculations [55] show that the ionization between av
eraged states (IR4.53 eV) are by 0.92 eV smaller than that between high-dpies
(IP,=5.45¢eV), i.e.’L to *I. If one adds this amount to the LPP value for the ¢P U

(IP;=5.13 eV), the remaining deviation from the experimentdlieg|P,=6.19eV) is

0.14 eV and can be explained by the missing SO coupling.
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Figure 3.1: Firstionization potentials Iin eV) for the actinides from LPP CCSD(T)
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calculations [52] with and without CPPs in comparison toeskpental
data [59-61] except for Lr, where a SPP multi-reference AG&&e with-

out SO coupling at the basis set limit [21] is given. In the LldaRulations
(7s6p5d2flg) basis sets were applied.

If CPPs are applied, the IPs are increased except for Acéd)awhere they are by

at most 0.05 eV smaller than the pure LPP results. The CPEt eléereases from di-

via tri- to tetravalent oxidation states, i.e. the changdb®|Ps amount to 0.11-0.13,

0.01-0.05, and 0.04 eV for di-, tri-, and tetravalent CPRspectively. The reason
for this decrease is that the CPP is proportional to the dipolarizability (cf. (2.1)),
which is the higher the larger the ionic radius. Since th&icadius is in turn the larger

the smaller the ionic charge, the dipole polarizabilitydrees smaller with increasing

ionic charge, e.g., for Cm the dipole polarizability desesmfrom Crf* 4.1500 via
Cm'!* 2.3242 to Cn¥*+ 1.5265a.u. (cf. Table A.10).
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Figure 3.2: Experimental or SPP ionizations occur between high-spg) ftates,
while LPP ionizations take place between averaged (avg-thtes, be-
cause the 5f shell is included in the PP core and is thus tfeain aver-
aged manner. The gap between the high-spin and low-spstéies is the
larger the more unpaired electrons exist in the considevatiguration.

Because the first IPs are underestimated using pure LPPapptieation of CPPs im-
proves the results except for Ac, Pa, and U, i.e. the m.acmane. are 0.33eV and
5.8%, respectively. The deviations are smaller than 0.2&a¥épt for Pa, U, Cm, and
Lr, where they amount to at most 1.10 eV (18%). Thus, in sumriieer CPPs improve
the LPP results especially for the divalent oxidation stateere they show the largest
effect due to the high dipole polarizability.

Figure 3.3 shows the second ionization potentials for thimides from LPP calcu-
lations with and without CPPs in comparison to SPP data @XoepAc, where an
experimental value is available. The reference data arerestimated by the LPP re-
sults except for Pa, where it is overestimated by 0.44 eVriilzee. and m.r.e. amount
to 0.20eV and 1.7%, respectively, and are half as large agthicthe first IPs. This is
due to the fact that the SPP data are calculated without S@lingiand that only for
Pa the IP includes a change of the 6d occupation, i.e. theiti@mgoes from 5f7<’

to 56d'. Since here the final state consists of more unpaired efesttoe IP is over-
estimated.

The use of CPPs increases the IPs in a range of 0.19-0.26 @800L6 eV for di-
and trivalent oxidation states, respectively. Due to thisease the m.a.e. (m.r.e.) is
reduced by 50% to 0.10 eV (0.8%). Therefore the CPPs aregsittieatomic calcula-



3.1 5--IN-CORE PSEUDOPOTENTIALS FORACTINIDES 41

tions) useful tools to improve the accuracy of the LPP rasult
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Figure 3.3: Second ionization potentials 4Rin eV) for the actinides from LPP
CCSD(T) calculations [52] with and without CPPs in compamiso SPP
multi-reference ACPF data without SO coupling at the bastisimit [21]
except for Ac, where an experimental value [59-61] is giMarthe LPP
calculations (7s6p5d2flg) basis sets were applied, andPdoonly the
standard basis set (14s13p10d8f6q)/[6s6p5d4f3g] wasuseel SPP cal-
culation.

3.1.5 Molecular Test Calculations

For the 5f-in-core LPPs as well as corresponding CPPs aethie@lbasis sets molec-
ular test calculations were performed for actinide flusidenF, (n=2-6). In this
section first the computational details of these test catmris will be given. Next
the results of the di- and tetravalent LPPs, CPPs, and betsi§29] will be discussed.
Then those of the penta- and hexavalent LPPs and basis 8¢tsi[Bbe presented.
Subsequently, the molecular tests of the trivalent CPPs {&H be given. Finally, the
results for all AnF; (n=2-6) will be compared to each other.
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3.1.5.1 Computational Details

The test calculatioror AnF, (An=Pu—No) and Anfr (An=Th-Cf) were carried out
with MOLPRO [52] using the di- and tetravalent 5f-in-coreR$?[29] with and with-
out CPPs. For Anf(An=Pa—Am) and Ank(An=U-Am) analogous test calculations
using the penta- and hexavalent 5f-in-core LPPs [30] wertopred [52]. Corre-
sponding to the calibration studies on AnfAn=Ac-Lr) [19, 20] using the trivalent
5f-in-core LPPs, calculations using these LPPs in conoeatiith CPPs [54] were
carried out [52]. Since for the actinide fluorides only a fexperimental and AE data
are available, 5f-in-valence SPP [15] calculatfowgre performed [52] as well. For
F Dunning’s aug-cc-pVQZ (augmented correlation-consispolarized VQZ) basis
set [62,63] was applied and for An (7s6p5d2f1g)/[6s5p4dRahd (14s13p10d8f6g)/
[6s6p5d4f3g] [21] valence basis sktsere used for LPP HF and SPP state-averaged
MCSCEF calculations, respectively. The state-averaging mexessary to avoid sym-
metry-breaking at the orbital level, since MOLPRO [52] imilied to theD,;, point
group and subgroups. The geometries were completely g@dmimposing’s,,, Cs,,
T,, C4,, andO;, symmetry for Ank, AnF;, AnF,, AnF5, and Ank;, respectively. In the
case of Th, UF,, Pak, UF;, and UR—Puk; also LPP CCSD(T) calculations were
performed, because for these compounds experimental $pb+AE [69] results are
available. Moreover, for AmE NoF;, and all Ank LPP CCSD(T) calculations with
and without using CPPs were carried out. Additionally, fon/A, NoF,, and LrK
SPP CCSD(T) calculations were performed. In the CCSD(T¢utations the F 1s
orbitals were frozen.

The An—F bond energies were calculated by, lE= [E(An)+nx E(F)—E(AnkF,)]/n
(with n=2, 4—-6 for Ank, AnF,—AnF;), where the actinide atom was assumed to be in
the lowest valence substate, i.e"5f7s’, 5"~ 16d*7¢, 5" 26d°7<, and 5f36d'7s’
for AnF,, AnF,—AnFg, respectively. At this point one might ask how to calculate a
binding energy with respect to the experimentally obseryeaind states of the ac-
tinides, e.g. at the correlated level. The best way is t@vothe strategy proposed for
the lanthanide LPPs almost two decades ago [70]. First, lnméd calculate the bind-
ing energy with respect to the actinide atom in its loweséneé substate. Then the
energy difference to the experimentally observed grouatg spossibly belonging to a
different configuration, can be determined, e.g. at the AE 88 or DHF level [44],
and corrected by electron correlation contributions toghergy difference (between
the lowest levels) taken from experiment [71]. However, amtcast to di-, tri-, and

°The LPP HF calculation for BkFwas performed by X. Cao.

3The SPP calculations for AnRAn=Th—Cf) were performed by X. Cao.

4For AnF; (An=Ac-Lr) the LPP and SPP calculations were carried ouhgigi7s6p5d2f1g)/
[5s4p3d2flg] and (14s13p10d8f6g)/[10s9p5d4f3g] valdrams sets, respectively.
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tetravalent PPs for penta- and hexavalent PPs an energgctiornr using experimental
energy differences is not possible, since for th&78and 6d7s’ valence subconfig-
urations no experimental data are available [71]. If delsioerrelation contributions
can of course be obtained by 5f-in-valence SPP or AE caloulait Tables C.2 and
C.3,C.4 and C.5, and C.6 summarize AE WB, AE DHF, and experiateorrections
for the di-, tri-, tetra-, penta-, and hexavalent LPPs, eetipely.

For AnF; ionic binding energie\E;,, = F(An*") + 3 x E(F~) — E(AnF3) were
calculated.

3.1.5.2 Actinide Difluorides

The HF calculations for Anj-(An=Pu—No) using LPPs with and without CPPs will
be compared to corresponding SPP calculations. The cosapais reasonable for
the late actinides, but critical for the lighter actinidesedo mixing of 5f with 7s as
well as 6d orbitals in the SPP calculations. This can beseba fom the calculated
bond angles, which show much larger discrepancies for Putdamfor Bk—No (cf.
Fig. 3.4). Hence, all results will be compared separatetytlie elements Pu—Cm
and Bk—No, respectively. The results of a Mulliken popwatanalysis and those for
structures as well as binding energies of the LPP, LPP+QRPSRP calculations are
listed in Table 3.4 and 3.5, respectively.
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Figure 3.4: Actinide—fluorine bond anglegsF—An—F (in deg) for Ank (An=Pu—No)
from LPP HF calculations with and without using CPPs as weliram
SPP state-averaged MCSCF calculations.
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Table 3.4: Mulliken 6s/7s, 6p/7p, 6d, and 5f orbital populations anah@t charges
(Q) on An in Ank, (An=Pu-No) from LPP HF and SPP state-averaged
MCSCEF calculations. A 66p°7<* ground state valence subconfiguration
is considered for An.

S p d f Q

An LPP SPP LPP SPP LPP SPP PP SPP LPP SPP

Pu 2.00 216 6.00 6.00 0.21 0.37 0.02 590 1.78 157
Am 2.00 212 6.00 6.00 0.21 0.32 0.01 6.97 178 158
Cm 2,00 212 599 6.00 020 030 0.01 8.00 179 1.59
Bk 200 212 599 6.01 0.20 0.28 0.01 9.01 179 1.59
Ccf 200 213 599 6.01 019 028 001 1001 180 157
Es 201 214 599 6.02 019 027 001 1101 180 156
Fm 2.01 214 599 6.02 0.19 027 0.01 1202 180 1.54
Md 201 215 599 6.02 0.18 0.26 0.01 13.01 180 1.56
No 202 215 599 6.02 0.18 025 0.01 1401 180 1.57

26—14 electrons in the 5f shell are attributed to the LPP cor®&—No, respectively.

Mulliken Orbital Populations  Table 3.4 shows the Mulliken orbital populations ob-
tained by LPP HF and SPP state-averaged MCSCF calculatespectively. As one
can see the bonding of Anfs of polar covalent nature, i.e. the two binding electron
pairs are dragged more close to the fluorine ends of the bdraisthe LPP calcu-
lations this results in charge separations of up to 0.9Qreles per bond and a total
atomic charge of up to 1.80 units on the actinide. Whereas,tpeand f occupation
numbers on the actinides are nearly integral, those of theellissare not and point to
some covalent contributions. The SPP f orbital occupatstasv that there is almost
no 5f orbital participation in the bonding of ApRvith An=Cm-No, since the SPP
5f populations differ at most by 0.02 electrons from the gné LPP 5f occupations.
However, for Puk- and AmFk, the SPP calculations do not yield 5f occupations corre-
sponding to a divalent actinide, i.e. the 5f populations@dg/0.03 electrons below
the integral number of 5f electrons for Pu/Am. This is duehe stronger mixing
between 5f and 7s as well as 6d orbitals for these lightenidets, where the 5f or-
bitals are still relatively diffuse. The mixing of 5f with Garbitals, which can also be
seen as a configurational mixing of*5t and 5f'6d!, decreases from Pu to No, since
the 6d orbitals are destabilized due to the indirect raktiveffect, and are thus less
occupied (6d AE WB orbital energies forsf6s’6p°6d'7s': —3.123/-2.311eV for
Pu/No; 6d occupation for SPP: 0.37/0.25 for Pu/No). Theeetbe LPP results are
expected to become better with increasing nuclear chargecabe less accurate for
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the lighter actinides Pu—Am, where the 5f occupation fadlol the assumed integral
value corresponding to a divalent actinide.

Actinide Difluoride Structure  For all AnF, (An=Pu—No) non-linear structures were
obtained by both LPP and SPP calculations. In the case of Riredalculations for
increasing nuclear charge of the actinide the bond lengtiesedse almost linearly
(correlation coefficient 0.999) by 0.08 A and the bond angfiesease by & These
variations are due to the actinide contraction and the asing repulsion between the
fluorine atoms, respectively. Similar trends are also okeskfor the SPP results, i.e.
bond lengths decrease and bond angles increase by 0.03 B3nddpectively, how-
ever here two irregularities appear. On the one hand the lemgyth increases instead
of decreases from Pu to Am by 0.01 A, and on the other hand the dnagles between
Pu and Bk increase on average by while those between Bk and No grow only by
about 0.4. The reason for both is a mixing of 5f with 7s as well as 6d aibjtwhich
becomes more significant with decreasing nuclear chargeaaralready mentioned
above limits the applicability of the 5f-in-core approach.

A comparison of An—F bond lengths calculated using LPPs &Rk%lemonstrates that
the newly developed LPPs yield quite accurate results facéihides considered. The
bond lengths are on average by 0.042 (0.020) A and 1.9% (Q®§4png for Pu—Cm
(Bk—No). The actinide—fluorine bond anglgés&—An—F, which are also overestimated
by using LPPs, show clearly larger deviations. The m.a.@.nam.e. for Pu—Cm (Bk—
No) amount to 10.7(6.6°) and 10% (6%), respectively. The largest deviations for
both bond lengths and angles occur for Pu (0.059 A;9%6d Am (0.037 A; 10.3,
because here the SPP 5f occupation is smaller than theahtedue modeled by the
LPP core (cf. Table 3.4).

The use of LPPs in connection with CPPs gives about 0.036 Ata@fidmaller bond
lengths and angles, respectively. Since pure LPP calonktverestimate the SPP
An—F bond lengths by ca. 0.027 A, they are underestimate@y.815 A using LPPs
in combination with CPPs (m.a.e. for Pu—No). Considering dlviations in bond
lengths for Pu—Cm and Bk—No separately, one finds a clearowvepnent by using
CPPs in the case of Pu—Cm, i.e. the mean deviation relatée t8RP data decreases
by 0.029 A (m.a.e.: LPP/LPP+CPP 0.042/0.013 A). For Bk—Nuyéver, this devia-
tion remains almost constant, i.e. the improvement in theeen.amounts to 0.005 A
(m.a.e.: LPP/LPP+CPP 0.020/0.015A). In the case of the bogtks the decrease by
using CPPs reduces the errors of the LPP calculations factalides considered, i.e.
the m.a.e. for Pu—No drops from 8.0 t0 3.9

Actinide—fluorine Bond Energy The An—F bond energy of AnFlecreases by 0.42
and 0.68 eV with increasing nuclear charge for LPP and SRialedibns, respectively.
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Table 3.5: An—F bond length, (in A) and angles’F-An—F (in deg) as well as bond
energies k,.q (in eV) for AnF, (An=Pu—No) from LPP HF calculations
with and without using CPPs as well as from SPP state-aversige&SCF
calculations. For Amfand Nok LPP CCSD(T) results with and without
using CPPs as well as SPP CCSD(T) results are given in italics

R, /F-An-F Eona
An LPP CPP SPP LPP CPP SPP LPP CPP SPP
Pu 2212 2179 2.152 120.0 117.6 106.5 3.764 3.644 4.057
Am 2200 2164 2.163 121.0 118.0 110.7 3.715 3.605 3.907
2.182 2.157 2.089 116.7 1146 104.3 5.188 5.209 5.517
Cm 2.189 2.150 2.161 122.0 1183 113.6 3.667 3.571 3.836
Bk 2.178 2.137 2.155 1228 1185 117.8 3.617 3.540 3.764
Cf 2.168 2.127 2144 1235 1186 117.1 3.564 3.507 3.705
Es 2.156 2.116 2.134 1246 119.2 1174 3517 3.476 3.611
Fm 2.146 2.110 2.122 1253 120.0 117.6 3.464 3.434 3.540
Md 2.136 2.106 2.120 126.0 121.2 118.8 3.409 3.380 3.468
No 2.128 2.105 2.118 126.3 122.6 120.0 3.347 3.312 3.375
2.114 2,100 2.057 121.2 1189 1125 4.790 4.833 5.043

2LPP calculations using CPPs.

This is related to the decreasing An—F bond length, whiclcc®mpanied by an in-
creasing F—F repulsion.

The differences in the An—F bond energies between LPP and&lP&ations for the
lighter actinides are obviously larger than those for thevier actinides, i.e. the m.a.e.
(m.r.e.) for Pu—Cm and Bk—No are 0.22 (5.5%) and 0.09 eV (2.586pectively. This
is most likely due to a mixing of valence 5f with mainly valengs and 6d orbitals in
the SPP state-averaged MCSCF calculations. Analogoutbahd lengths and an-
gles the largest errors occur for Pu (0.29 eV, 7.2%) and AdB(@V, 4.9%), where the
SPP 5f occupations are smaller than the assumed integrablL.&Rupations (cf. Ta-
ble 3.4).

The application of CPPs causes a mean decrease in bond enér§g6 eV compared
to pure LPP calculations. Since the bond energy is alreadgnestimated by us-
ing LPPs without CPPs, the deviations from SPP calculati@t®me larger by using
CPPs. The m.a.e. (m.r.e.) amount to 0.33eV (8.3%) and 0.X8&%6) for Pu—Cm
and Bk—No, respectively. The strong energy decrease duBRs Can be explained, if
one thinks of an ionic binding energy

Eion = —IP;(An) — IP3(An) + 2 x EA(F) + ionic interaction . (3.4)



3.1 5--IN-CORE PSEUDOPOTENTIALS FORACTINIDES 47

Here IR(An) with i=1, 2 are the first and second IPs of the actinide, respegtivel
and EA(F) is the electron affinity of fluorine. The use of CPRRgeases the IPs, be-
cause the actinide atom or ion is stabilized via the incluctedelation, and thus the
bond energy is reduced. The first and second IPs of Pu—No fiekhdtate-averaged
MCSCEF calculations with and without using CPPs in compartscSPP state-averaged
MCSCF data [21] are listed in Table 3.6. The IPs of Cm are @ujtbecause its ion-
izations do not take place between divalent oxidation stdte. the Cm atom and
Cm™ cation do not have a 5f!, but a 5f occupation. As one can see; |Bnd IR
are increased by about 0.32 and 0.50 eV, respectively, ifH(FHP instead of LPP
state-averaged MCSCF calculations are performed. ThelgeirelPs deviate only
on average by 0.09/0.12 eV from the SPP values folif?, however, using CPPs the
IPs are overestimated by about 0.39/0.38 eV. The reasoméowbrse IP results us-
ing CPPs, which also explains the larger deviations of Anefdbenergies, might be
the inclusion of dynamic correlation. Since the CPPs arasiégl to CCSD(T) ref-
erence data, they account for both static (polarizatiomeatHF level) and dynamic
(core—valence correlation) polarization of the PP corenafithey are applied in HF
or state-averaged MCSCF calculations. The SPP stategmeMCSCF calculations,
however, do not include any correlation effects. Thus, Bsdalculated by using CPPs
become too large and the corresponding bond energies asent@b However, at the
correlated level the experimental and SPP ACPF IPs are aluragerestimated by the
LPP CCSD(T) results and the m.a.e. amount to 0.26 and 0.2beNPf and IR, re-
spectively (m.a.e. for Pu—No except for Cm, cf. Table C.Hertfore the application
of CPPs yields improved results, i.e. the m.a.e. are redioccg@d 4 and 0.04 eV for IP
and IR, respectively.

A slight improvement due to CPPs is also found in CCSD(T)daltons for Amk
and NoFk (cf. Table 3.5). Here, the deviations from the SPP CCSD(Tjdbener-
gies amount to 0.33/0.31 and 0.25/0.21 eV for LPP/LPP+CRéuledions of Amk
and NokF, respectively. Furthermore, the LPP+CPP bond lengths and langles
are also in better agreement with the SPP data than the pireddrlts (differences
between SPP and LPP/LPP+CPP: Ami¥R.=0.093/0.068 AA/=12.4/10.3; NoF,
AR,=0.057/0.043AA/=8.7/6.4).

Aside from the limited validity of the 5f-in-core approactr fPuk and Amk, the
deviations can be explained by the larger BSSE of the SPP a@udgo the LPP/
LPP+CPP calculations at the CCSD(T) level. Using the capoise correction the
SPP bond energies are reduced from 5.517/5.043 eV to 5.3Y9/@V correspond-
ing to a BSSE of 0.198/0.266 eV for Am#NoOF,. These are reasonable amounts for
the BSSE, since the (14s13p10d8f6Q)/[6s6p5d4f3g] batsd2&E| recover only about
80% of the atomic CCSD(T) correlation energy. In the caséeiPP CCSD(T) cal-
culations the counterpoise correction yields by 0.04B39€V smaller bond energies,
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Table 3.6: First and second IPs (in eV) of the divalent actinides Pu—&keépt for
Cm) from LPP state-averaged MCSCF calculations with andowit using
CPPs in comparison to SPP state-averaged MCSCF datéa [21].

P P

An LPP CPP SPP LPP CPP SPP

Pu 4.91 5.22 473 10.65 11.18 10.84
Am  4.97 5.30 4.77 10.80 11.36 11.02
Bk 5.11 5.46 4.99 11.10 11.66 11.25
Cf 5.18 5.53 5.09 11.24 11.79 11.34
Es 5.25 5.59 5.21 11.40 11.92 11.50
Fm 5.32 5.64 5.34 11.54 12.03 11.66
Md 5.39 5.69 5.41 11.69 12.12 11.75
No 5.46 5.71 5.51 11.84 12.18 11.88

“Basis sets: LPP (7s6p5d2f1g)/[6s5p4d2flg]; SPP (14si8i60)/[6s6p5d4f3g].
bInitial and final states: IP 5f*t178 — 5f*+17g: |P,y: 5f2 178l — 5fnt+17d,
¢LPP calculations using CPPs.

i.e. the energies are reduced from 5.188/4.790¢eV to 5.1714V for Amk/NoF,.
Thus, the BSSE using LPPs are clearly smaller than that (&R#®s, which consti-
tutes an enormous advantage compared to the SPP calcslafi@king the BSSE
into account the deviations in bond energies related to #ié¢ @ata are reduced to
0.17/0.15eV and 0.026/0.017 eV for LPP/LPP+CPP calculataf AmF, and Nok,
respectively. Hence, at the correlated level the LPP bomdgéss with and without
using CPPs are in good agreement with the reference datthawnde of CPPs shows
an improvement of the results.

3.1.5.3 Actinide Tetrafluorides

The HF and CCSD(T) calculations for AnFAn=Th-Cf) using LPPs with and without
CPPs will be compared to SPP and experimental data [64, 6%.Mulliken orbital
population analysis will not be discussed in detail, beeaukeads to similar conclu-
sions as for Ank. However, the 5f orbital populations will be given togetigth the
other results as well as the available experimental datatteT3.7.

Actinide Tetrafluoride Structure The An—F bond lengths decrease almost linearly
(LPP correlation coefficient 0.995) with increasing nuclelarge, whereby the de-
crease from ThFto CfF, amounts to 0.09 and 0.11 A for LPP HF and SPP state-
averaged MCSCF calculations, respectively. Since for Aad-well as for Ank nine
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actinide elements, i.e. Th—Cf respectively Pu—No, are idensd, one can compare
the actinide contraction for these compounds. In the cagebf the contraction is
somewhat larger than that for AnFANnF, contraction: 0.08/0.03 A for LPP/SPP). The
reason for this is that the An—F bond in AniS more 'rigid’ [72] as can be seen from
a comparison of the force constants, e.g., for LPP HF caionlsithe force constants
are 0.06427 and 0.05843 a.u. for Rad Puk;, respectively.

Table 3.7: An—F bond lengthg, (in A), bond energies E,.; (in eV), and f orbital oc-
cupations for Ank (An=Th-Cf) from LPP HF calculations with and with-
out using CPPs in comparison to experimental/estimateal[@4t 65] and
SPP state-averaged MCSCF calculations. For, Bmd UF, LPP CCSD(T)
results with and without using CPPs are given in italics.

R, Evond f occ.
An LPP CPP SPP Exg. LPP CPP SPP LPP SPP
Th 2.107 2101 2115 2124 5617 5630 5571 0.27 0.28

2.101 2.097 7.117 7.152
Pa 2.104 2.098 2.092 5422 5426 5451 020 1.23
Uu 2094 2088 2072 2059 5311 5310 5379 0.16 222
2.091 2.088 6.813 6.839

Np 2.082 2.075 2.059 2.04 5240 5237 5254 015 322
Pu 2.070 2.063 2.047 203 5188 5183 5.146 0.13 4.22
Am 2.057 2.050 2.035 2.02 5152 5147 5.057 0.12 5722

Cm 2.044 2.037 2.026 5.131 5.124 4980 0.12 6.21
Bk 2.031 2.024 2.017 5.118 5.112 4880 0.11 7.19
Cf 2.020 2.013 2.001 5.106 5.099 5.037 0.11 8.19

2LPP calculations using CPPs.
’For Np—Am the values are estimated.
€0-8 electrons in the 5f shell are attributed to the LPP cor&@lfie-Cf, respectively.

The LPP HF results are in good agreement with the SPP refeidate, i.e. the An—
F distances determined using LPPs are at most 0.023 A (1d84phg. The m.a.e.
and m.r.e. amount to 0.018 A and 0.9%, respectively. For Cin& LPP HF result
differs by 0.022 A (1.1%) from the AE DHF bond length 2.022 B[ determined by
using (28s28p19d13f2g) and (13s9p3d) basis sets for Cm ama$pectively. Com-
pared to experimental (Th, U) and estimated (Np—Am) valued. PP HF calculations
yield also satisfactory results, i.e. the m.a.e. (m.r.;mpants to 0.034 A (1.7%). The
obtained An—F bond lengths (An=Th, U-Am) are also in gooceagrent with those
determined by an interionic force model (Th 2.140, U 2.05p, N042, Pu 2.029,
Am 2.017A) [74], i.e. the bond lengths deviate on average BBDA (1.9%). So
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the 5f-in-core approximation holds quite good for the tedtant PPs, although the
calculated SPP 5f occupations are about 0.22 electronerléngn the integral LPP
occupations. The reason why this approximation still waskthe f-part of the LPP,
which sufficiently accounts for the 5f participation in cheal bonding, i.e. the LPP
5f occupations attain values up to 0.27 electrons, and trudifferences between the
LPP and SPP 5f occupations only amount to ca. 0.07 electrons.

The use of LPPs in combination with CPPs yields about 0.00mAller bond lengths
compared to pure LPP HF calculations. Therefore the dewiatirom SPP calcula-
tions are reduced by about 30% compared to those using puws,life. the m.a.e.
(m.r.e.) decreases from 0.018 (0.9%) to 0.012 A (0.6%). Tmeparison to experi-
mental and estimated data shows just a slight improvenfé€@BPs are used, i.e. the
m.a.e. (m.r.e.) decreases from 0.034 (1.7%) to 0.030 A (L.5%

The introduction of correlation via CCSD(T) shortens the-Ardistances by 0.006
and 0.003 A for Thirand UFR, respectively. The differences between LPP CCSD(T)
calculations and experimental data amount@0234-0.032 A for ThR/UF,, and are
thus slightly larger respectively smaller than those betwiePP HF calculations and
the experiment{0.017/-0.035 A for ThR/UF,).

The use of CPPs at the CCSD(T) level has only a small effedi@Abn—F bond length,
i.e. the Th—F and U-F bond lengths are shortened by 0.004.808 8, respectively.
Therefore the deviation to the experiment also changes figtly, i.e. it becomes
larger respectively smaller for Thfand UR, (—0.023/~0.027 and+0.032/4-0.029 A
for LPP/LPP+CPP of ThfFand UR).

Actinide—fluorine Bond Energy The An—F bond energies decrease by 0.51 and
0.53eV from Thk to CfF, for LPP and SPP calculations, respectively. This is due
to the increasing F—F repulsion with decreasing An—F dcsaras it is the case for
AnF,. While the LPP HF bond energies decrease smoothly, the SEBRldaw a min-
imum for BKF, i.e. for the half-filled 5f shell.

The LPP HF bond energies deviate at most by 0.15 eV (3.0%) 8B reference data
except for BkE, for which the difference is 0.24 eV (4.9%). However, thisiddon

is reduced to 0.049eV (0.7%), if LPP and SPP CCSD(T) singlatgalculations on
the HF optimized BKE-structures are compared (CCSD(T) results: 6.604/6.658eV f
LPP/SPP; frozen orbitals: F 1s for LPP and F 1s, Bk 5s, 5p, B&RP). Taking the
BSSE into account this deviation is even further reduced.@@DeV (counterpoise
corrected CCSD(T) results: 6.507/6.470eV for LPP/SPP)nVestigate the correla-
tion effects single-point CCSD(T) calculations were cdesed to be sufficient, since
the AnF; structures are only slightly affected by using CCSD(T)east of HF, i.e. the
An—F bond lengths decrease by at most 0.006 A. For the otheregits (Th—Cm, Cf)
the m.a.e. (m.r.e.) at the HF level amounts to 0.064 eV (1238d)the largest devia-



3.1 5--IN-CORE PSEUDOPOTENTIALS FORACTINIDES 51

tions occur for Am (0.095eV) and Cm (0.15eV), where the diffeces between the
LPP and SPP 5f occupations achieve their maximum (0.10&0e@&ons for Am/Cm).
The application of CPPs at the HF level affects the bond éeemmnly very slightly
and the deviations compared to the SPP data remain almagbooni.e. without BKI
the m.a.e. (m.r.e.) is 0.063 (1.2%). The change from LPP HEP® CCSD(T) cal-
culations results in a strong increase of the bond energids3® eV. The use of LPPs
in connection with CPPs at the CCSD(T) level causes for batf, Bind UR only a
small increase in bond energy by 0.035 and 0.026 eV, respécti

3.1.5.4 Actinide Pentafluorides

The LPP HF and CCSD(T) calculations for AnfAn=Pa—Am) will be compared to

SPP state-averaged MCSCF calculations as well as to expatiai{66] and compu-

tational [69, 75, 76] data from the literature. The resuttsifond lengths, angles, and
energies as well as the 5f orbital populations are listecalnd 3.8.

Actinide Pentafluoride Structure While in 1977 the infrared spectrum of J[66]
indicated &'y, symmetry, later computational studies [75] including tiglatic effects
(also SO coupling) showed the;;, geometry to be 1 kcal mot lower than theC,,
one. This finding is not contradictory to the experimentauit since in the photogen-
eration of UF from UF; one has an internal energy excess of more than 1 kcal'mol
The geometry optimizations were performed imposihg symmetry, so that the LPP
results can also be compared to experimental values.

Due to the actinide contraction the An—F bond lengths catedl by using LPP HF
and SPP state-averaged MCSCF decrease continuously erigasing nuclear charge.
The decrease of axial bond lengtRs, is slightly larger than that of equatorial bond
lengthsR,,, because the axial ligand experiences a lower ligand-digapulsion than
the equatorial ligands (LP&R,,=0.05,AR,,=0.03; SPPAR,,=0.07,AR.,=0.05 A).
The F,,—An-F,, bond angles stay almost constant along the actinide rowheede-
viation between angles of different actinides amount attrtm®6.9 and 1.8for LPPs
and SPPs, respectively.

The An—F bond length%,, and R., from LPP HF calculations are in good agree-
ment with the SPP reference data, i.e. the m.a.e. (m.r.equatrio 0.007 (0.4%)
and 0.011 A (0.5%) foRr,, and R.,, respectively. The maximum error for both bond
lengths is 0.013A (0.7%). The deviations between LPP and I&®#® angles are
slightly larger, i.e. the m.a.e. (m.r.e.) and the maximumreamount to 2.6 (2.5%)
and 3.8 (3.7%), respectively. Furthermore, the LPP HF structurdJig; is compa-
rable to that of a former HF calculation, where a Cowan—@ri&CP for U and VDZ
basis sets were used (ECP HE;,=2.00, R.,=2.00 A, /=100°) [75]. The deviations
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Table 3.8: An—F bond lengthsz,, and R,, (in A) and angles’F,,—An-F., (in deg),
bond energies £,.4 (in eV), and f orbital populations for AnHAn=Pa—
Am) from LPP HF and SPP state-averaged MCSCF calculatiansP &
and UF; LPP CCSD(T) and AE DFT [69] as well as experimental [66] data
are given in italics.
R,. R, Z Evona f occ.
An LPP SPP LPP SPP LPP SPP LPP SPP LPP SPP
Pa 2.034 2.047 2.027 2.040 106.8 105.6 5.556 5.504 0.56 0.56
2.035 2.061 2.023 2.060 106.4 100.3 7.086
U 2.028 2.026 2.028 2.022 107.5 105.7 5.263 5.386 0.42 1.55
2032 2.00 2028 202 1074 101 6.759
Np2.017 2.008 2.021 2.007 107.7 103.9 5.099 5.255 0.36 2.60
Pu2.002 1.996 2.009 1.996 107.7 104.7 5.003 5.092 0.33 3.61
Am1.988 1982 1998 1.987 107.6 1045 4933 4.962 0.31 4.63

2Given in italics: Pak: AE DFT/BP86 results using ZORA and pVTZ basis sets;Ugxperimental
values.

®0—4 electrons in the 5f shell are attributed to the LPP car®#s-Am, respectively.

in bond lengths and angles are 0.03 A (1.4%) ah(B30%), respectively.

If correlation is included via CCSD(T), the molecular stures of Pak and UF;
change only slightly by at most 0.004 A and 0.4or Pak the deviations between
LPP CCSD(T) results and AE DFT/BP86 calculations using #re-order regular ap-
proximation (ZORA) and pVTZ basis sets [69] amount to 0.G2637 A, and 6.1 for
R.., R.,, andZ, respectively. For Ufthe differences between LPP CCSD(T) and
experimental [66] results are 0.03, 0.01A, and& R,., R.,, and/, respectively.
Moreover, the comparison to the YBtructure calculated by SPP DFT/PBEO using
pVDZ basis sets [76] gives deviations of just 0.018, 0.018#&d 9.2 for R,,, R,
and/, respectively (SPP DFT/PBE®,,=2.014,R.,=2.015A,/=98.3). Thus, the
LPP CCSD(T) results are also in good agreement with correipg reference data
and confirm the reliability of the pentavalent LPPs.

These good results can be explained by the 5f occupations.SP# 5f occupations
vary on average by 0.59 and at most by 0.63 electrons fromstenzed LPP 3f2
occupations, which demonstrates that the 5f orbitals ppdie to some extent in the
An—-F bonding. However, the 5f-in-core approach still ygetdasonable results, since
the differences between LPP and SPP 5f occupations amowavenage only to 0.19
and at most to 0.32 electrons, because the f-part of the LIBWsafor some 5f occu-
pation in addition to the integral 5f? assumption.
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Actinide—fluorine Bond Energy The An—F bond energy of AnFlecreases by 0.62
and 0.54 eV with increasing nuclear charge for LPP HF and SBfe-averaged
MCSCF calculations, respectively. This is related to th@easing F—F repulsion,
which is due to the decreasing An—F bond length.

The LPP and SPP An—F bond energies are in good agreemeitha.m.a.e. (m.r.e.)
amounts to 0.090 eV (1.7%) and the maximum error, which acfarrNp, is 0.16 eV
(3.0%). As expected the inclusion of electron correlatioen @ CSD(T) clearly in-
creases the An—F bond energies by ca. 1.5eV.

3.1.5.5 Actinide Hexafluorides

The LPP HF and CCSD(T) calculations for AnfAn=U-Am) will be compared to
SPP state-averaged MCSCF results and experimental [6&85683!l as computational
[13,77,78] data from the literature. The results for bonwytes, bond energies, and
5f orbital populations are listed in Table 3.9.

Actinide Hexafluoride Structure The An—F bond lengths calculated by using LPPs
at the HF level increase from YKo NpF; by 0.007 A and decrease from Npko
AmF, by 0.018 A. The SPP state-averaged MCSCF bond lengths, leondacrease
smoothly with increasing nuclear charge by 0.034 A. Whitergmason for the decrease
is the well-known actinide contraction, the increase frofy tb NpF; is possibly due
to a shortcoming of the LPP method, becausdidgrof AnF; an analogous, but clearly
smaller, increase from Pafo UF; by 0.001 A is obtained (cf. Table 3.8). Since the
U-F bond length is only by ca. 0.02 A smaller than expectdd ltRP shortcoming is
still acceptable.

The LPP HF results are in good agreement with the SPP referdata, i.e. the
LPP An—F distances are at most by 0.031A (1.6%) too long aedrtla.e. (m.r.e.)
amounts to 0.018 A (0.9%). For YFNpF;, and Puk the comparison of the LPP
HF bond lengths to those of HF calculations [13], where Coevaniffin ECPs for An
and pVDZ basis sets were used, shows also satisfactorytgesal the maximum
error amounts to 0.037 A (1.9%) (ECP HF: YR.=1.984, Npk R.=1.972, Puf
R.=1.943 A). Moreover, the obtained U-F bond length is alsciochagreement with
that determined by a SPP HF calculation [78] using an augp¥Bsis set for F, i.e.
the bond lengths deviate by 0.009 A (0.5%) (SPP RE=1.985A). Thus, in the case
of the An—F bond lengths the hexavalent 5f-in-core apprexiom still holds, although
the calculated SPP 5f occupations are about 1.35 electuayer lthan the integral LPP
occupations and even the differences between the LPP an8f®e&upations amount
to ca. 0.66 electrons.

Analogous to the Anfresults the introduction of correlation via CCSD(T) inges
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Table 3.9: An—F bond lengthsk, (in A), bond energies .4 (in eV), and f orbital
populations for Ang (An=U-Am) from LPP HF and SPP state-averaged
MCSCEF calculations. For Uf-NpFs, and Pulk LPP CCSD(T) and exper-
imental [67] results are given, too.
R, Evona f occ.
An LPP* SPP ce Expc LPP* SPP c¢ LPP»? SPP
U 1976 1975 1978 1.996(8) 5.355 5.646 6.931 0.96 1.16
Np 1.983 1966 1.988 1.981(8) 4.813 5499 6.360 0.67 2.28
Pu 1980 1949 1.989 1.971(10) 4.542 5439 6.093 056 3.46
Am1.965 1.941 4.479 5.279 0.59 4.52

2LPP HF results.

’LPP CCSD(T) results.

For UF; also another experimental value is availabite=1.999(3) A [68].

40-3 electrons in the 5f shell are attributed to the LPP cor&JfeAm, respectively.

the An—F bond lengths only slightly by at most 0.009 A. Théedénces between LPP
CCSD(T) and experimental [67] data are at most 0.018 A (0&8d)the m.a.e. (m.r.e.)
amounts to 0.014 A (0.7%). Compared to DFT data from theslitee [13,77,78] the
LPP CCSD(T) bond lengths deviate at most by 0.036 A (1.8%)REBET/B3LYP
[13]: UFs R.=2.014, Npk R.=2.013, Puf R.=1.985; SPP DFT/B3LYP [77]: UF
R.=2.007, Npk R.=1.991, Puf R.=1.977; SPP DFT/PBEO [78]: UFR.=1.994 A).
Therefore the correlated calculations of AnfAn=U—-Pu) confirm the good perfor-
mance of the hexavalent 5f-in-core PPs for the An—F bondleng

Actinide—fluorine Bond Energy The An—F bond energies decrease continuously
with increasing nuclear charge by 0.88 and 0.37 eV for LPPS#P# calculations, re-
spectively. This is due to the increasing F—F repulsion @ébreasing An—F distances
as it is the case for Anf

In contrast to the good agreement for the An—F bond lengtles|.PP HF bond ener-
gies of AnFk; deviate considerably from the SPP state-averaged MCSG¥: idat the
m.a.e. (m.r.e.) and the maximum difference are 0.67 (1289d)0.90eV (16.5%),
respectively. These significant discrepancies are in little the high differences be-
tween LPP and SPP 5f occupations of up to 0.93 electrons. Fgridwever, where
these 5f occupations differ only by 0.20 electrons, the AbeRd energy is still rea-
sonable, i.e. it deviates by 0.29 eV (5.1%). Thus, the 5fare approximation seems
to reach its limitations for the hexavalent oxidation staxeept for U, which corre-
sponds to 5% Therefore the hexavalent 5f-in-core LPPs for Np—Am shaully be
used for preoptimizing structures prior to more rigorousigs including the 5f shell
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explicitly.

3.1.5.6 Actinide Trifluorides

The HF calculations for AnfF(An=Ac-Lr) using LPPs in connection with CPPs will
be compared to those using pure LPPs respectively SPPsdR2(japle 3.10). Fur-
thermore, CCSD(T) calculations using LPPs with and witl@RPs will be compared
to DFT, MP2, and complete active space second-order pattarbtheory (CASPT2)
data from the literature [76,79, 80] (cf. Table 3.11).

Since for Th and Pa the trivalent oxidation state is not prete(Th) or even not stable
(Pa) in aqueous solution (cf. Table 1.1) [1], the trivalambcnfiguration 3f mixes
strongly with the corresponding energetically low-lyiregravalent subconfiguration
5f»~16d' yielding significantly smaller SPP 5f occupations than essiifor the LPP
core [20] (cf. Table 3.11). Thus, for Thland Pak the assumption of a near-integral
5f occupation is too crude [20], and all m.a.e. and m.r.e.eveaiculated neglecting
the results for these two systems.

Actinide Trifluoride Structure  Using the trivalent 5f-in-core LPPs [20] in connec-
tion with CPPs, the LPP HF An—F bond lengths and F-An—F bomdeardecrease
on average by 0.015A (0.7%) and 1.8.2%), respectively. Since the SPP state-
averaged MCSCF bond lengths and angles are overestimagdubly0.020 A (0.9%)
and 3.7 (3.2%), respectively, using pure LPPs, the application BPE reduces the
m.a.e. (m.r.e.) to 0.010 A (0.5%) and 2(1.9%). Thus, the use of CPPs clearly im-
proves the results of the LPPs. In comparison to the Cm—F leowgdh (R.=2.095 A)
from an AE DHF calculation [73] the LPP+CPP HF result is alsagsiderably better
than the pure LPP HF result, i.e. the LPP and LPP+CPP bonthieage by 0.019 and
0.001 A too long, respectively.

If correlation effects are taken into account via CCSD(Tg LPP bond lengths and
angles are reduced by about 0.017 A (0.8%) and B8B%) with respect to the HF
values, respectively. The decrease in CCSD(T) bond lermytdsangles due to the
application of CPPs is almost by 50% smaller than that foHRecalculations, i.e. it
amounts to 0.009 A (0.4%) and 0.8.7%), respectively. The reason for this smaller
decrease is most likely that the CCSD(T) bond lengths antkarge already reduced
by valence correlation effects and that consequently thtbdu reduction is compli-
cated due to the increased F—F repulsion.

The LPP/LPP+CPP CCSD(T) bond length and angle of kltow reasonable agree-
ment with those from a SPP DFT/PBEQO calculatidh£2.069 A; /=105 [76], i.e.
the deviations amount to 0.080/0.074 A (3.9/3.6%) ati8°7(6.7/5.7%), respectively.
The same is true for the DFT and MP2 results for;Ufablished by Joubert and
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Table 3.10: An—F bond lengthsk, (in A), bond angles’F-An—F (in deg), and ionic
binding energies\E;,,, (in eV) for Ank; (An=Ac-Lr) from HF calcu-
lations using LPPs with and without CPPs as well as from SBi-st
averaged MCSCEF calculations.

R, /F—-An—-F AE;,,

An LPP CPP SPP LPP CPP SPP LPP CPP SPP

Ac 2.207 2200 2.213 115.7 1154 1159 4299 43.18 42.92
Th 2.193 2184 2125 115.1 1147 101.8 43.36 43.59 46.53
Pa 2179 2170 2.109 115.1 1146 113.6 43.71 4399 45.33
U 2166 2154 2124 1154 1147 1085 44.06 44.40 44.88
Np 2.152 2.139 2.118 1158 1149 110.6 4441 4481 45.04
Pu 2.139 2125 2109 116.2 115.1 1124 4475 4520 45,56
Am 2126 2.110 2.100 116.6 1153 1129 45.08 4558 45.82
Cm 2.114 2.096 2.097 117.2 1156 1145 4541 4597 4571
Bk 2.102 2.084 2.085 117.6 1157 1147 4570 46.31 46.24
Cf 2090 2.071 2078 118.1 116.0 114.7 46.03 46.67 46.62
Es 2.080 2.060 2.059 1185 116.2 1148 46.31 46.98 46.82
Fm 2.069 2.050 2.045 1189 116.4 1139 46.58 47.27 47.10
Md 2.058 2.039 2.043 1195 117.0 116.0 46.90 47.58 47.46
No 2.047 2.031 2.039 119.7 1176 116.0 47.18 47.83 47.61
Lr 2.037 2.023 2.034 120.0 1184 117.1 47.47 48.06 47.57

“LPP calculations using CPPs.

Maldivi [79], who included scalar-relativistic correctis either by a frozen-core ap-
proximation with a quasirelativistic treatment of the vale electron shells or by an
energy-adjusted quasirelativistic pseudopotential revttee 5f, 6s, 6p, 6d, and 7s elec-
trons are treated explicitly. Depending on the method thainbd bond lengths and
angles are in-between 2.051-2.122 A and 104.7-1184pectively. Therefore the
LPP and LPP+CPP results deviate in a range of 0.027-0.098.88d—0.092 A as
well as from—6.9 to+6.8 and from—7.2 to +6.5°, respectively. Compared to the
Am-F bond length R.=2.078 A) from an AE DFT/BP calculation including the 5f,
6s, 6p, 6d, 7s, and 7p orbitals in the valence space and u€i®Rp480], the LPP and
LPP+CPP CCSD(T) bond lengths deviate just by 0.031 (1.5%)0a022 A (1.1%),
respectively. Furthermore, the differences between tH/ILIPP+CPP CCSD(T) Am—
F bond lengths and those from CASPT2 calculations usingedhscalar Douglas—
Kroll-Hess (DKH) Hamiltonian or the SPP [80] are 0.046/@.Géd 0.027/0.018 A,
respectively R.: DKH 2.063; SPP 2.082 A). Thus, the LPP CCSD(T) results show
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good agreement with the available data from the literatacethe CPPs improve the
pure LPP results.

lonic Binding Energy In the case of the LPP HF ionic binding energies the use of
CPPs causes a mean increase by 0.50eV (1.1%). Thereforevfaiahs from the
SPP HF results become more than 50% smaller, if CPPs areedppk. the m.a.e.
(m.r.e.) amount to 0.51 (1.1%) and 0.24 eV (0.5%) for LPP aR&+CPP HF calcu-
lations, respectively.

Table 3.11: An—F bond lengthsk, (in A), bond angles’F-An—F (in deg), and ionic
binding energie\E;,,, (in eV) for AnF; (An=Ac-Lr) from CCSD(T)
calculations using LPPs with and without CPPs. AdditiondlPP HF
and SPP state-averaged MCSCF f orbital populations from Hikda
population analysis are given.

R, /ZF—-An—F AFE;,, f occ.

An LPP CPP LPP CPP LPP CPP LPP SPP

Ac 2.189 2.185 1125 1125  43.82 43.91 0.13 0.23

Th 2.176 2.172 111.7 111.6 44.18 44.30 0.10 0.60

Pa 2.163 2.158 111.4 111.2 4454  44.68 0.09 1.52
U 2.149 2.143 111.5 111.2 44.89 45.07 0.08 3.02

Np 2.135 2.128 111.7 111.3 45.24 45.45 0.07 4.05

Pu 2.122 2.114 112.0 111.4 4557  45.82 0.07 5.07
Am 2.109 2.100 112.2 1115 4590 46.19 0.06 6.07

Cm 2.097 2.086 112.6 111.7  46.22  46.56 0.06 7.07

Bk 2.085 2.074 112.9 111.7 46.51 46.89 0.06 8.07

Cf 2.073 2.061 113.2 112.0 46.83  47.25 0.05 9.07

Es 2.062 2.050 1135 112.1 4711  47.56 0.05 10.07
Fm 2.052 2.040 113.7 112.3  47.39  47.86 0.05 11.06
Md 2.041 2.029 114.2 112.7 47.70  48.18 0.05 12.06
No 2.031 2.020 1145 113.2 47.99 48.46 0.05 13.05
Lre  2.020 2.012 114.9 113.6  48.28  48.72 0.05 14.04

2LPP calculations using CPPs.
®0-14 electrons in the 5f shell are attributed to the LPP amré&—Lr, respectively.
°SPP CCSD(T)R,.=2.002A, /F-L-F=111.8, AE;,,,=48.83¢eV.

At the CCSD(T) level the LPP HF ionic binding energies areréased by about
0.82eV (1.8%). Compared to the HF results the applicatio@fPs yields a smaller
mean increase of the ionic binding energies by 0.32 eV (0.7B&cause of this in-
crease, a clear improvement due to CPPs is found in compaongbe SPP CCSD(T)
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optimization of Lri; (R.=2.002 A;/=111.5; AF,,,,=48.83 eV). The deviations from
the SPP CCSD(T) ionic binding energy amount to 0.55 (1.1%) @AleV (0.2%)
for LPP and LPP+CPP calculations, respectively. Furtheemine LPP+CPP bond
lengths and angles are also in better agreement with the &RRt@n the pure LPP
results, i.e. the differences between SPP and LPP/LPP+&RiRg are 0.018/0.010 A
and 3.4/2.1 for bond lengths and angles, respectively. Hence, the us#efs also
leads to an improvement of the ionic binding energies.

3.1.5.7 Comparison of the Actinide Fluorides

Figure 3.5 shows the deviations between the SPP stategaeeMCSCF and integral
or assumed LPP 5f occupations for Anfr=2—6) [20,29,30]. The deviations between
these 5f occupations increase with increasing oxidatiatest.e. the m.a.e. amount
to 0.01, 0.12, 0.22, 0.59, and 1.35 electrons for di-, tet;a-, penta-, and hexavalent
actinide atoms, respectively. The reason for this is thathilgher the assumed oxi-
dation state, the less probable it is, since ionizationggaslincrease with increasing
positive charge. As one can see for FH{E=90) and Pak(Z=91) as well as for Puf
(Z=94) the integral 5f occupations are larger than the SPP@&fations. This is due
to the fact that for these actinides the tri- and divalentlakon states are not preferred
(Th) or even not stable (Pa, Pu) in aqueous solution (cf. €rakl) [1]. Thus, the
tri- and divalent subconfigurations"sénd 5f+! mix strongly with the corresponding
energetically low-lying tetra- and trivalent subconfigioas 5f*~'6d' and 5f6d', re-
spectively, yielding smaller SPP 5f occupations than assufor the LPP core [20].
For all other cases especially the penta- and hexavaledatian states the integral 5f
occupations are too small.

Figure 3.6 presents the differences between SPP stategaeeMCSCF and LPP HF
5f occupations for Ank (n=2-6) [20, 29, 30]. One can see that the f-part of the LPP,
which allows for some additional 5f occupation, clearlyuees the deviations for all
AnF, except for those cases, where the integral 5f occupatiantaeger than those
of the SPPs, i.e. for Thf-Pak, and Puk. The m.a.e. are 0.01, 0.02, 0.07, 0.19, and
0.66 electrons for di-, tri-, tetra-, penta-, and hexavaserinide atoms, respectively
(divalent m.a.e. without Pu; trivalent m.a.e. without Th).PThe 5f occupations for
AnF,, AnF;, and AnFk differ at most by ca. 0.1 electrons except for ThPak, and
Puk. For AnF; the differences in the 5f occupations are slightly larget differ by

at most ca. 0.3 electrons. However, this difference isatitieptable, because the pen-
tavalent PPs yield analogous to the di-, tri-, and tetramdl®Ps reasonable results for
bond lengths and energies.e. the m.a.e. (m.r.e.) are at most 0.023 A (1.1%) and

5Bond energies for Anf(An=Ac—Lr) from LPP HF and SPP state-averaged MCSCF caious
[19,20] are given in Table C.7.
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0.11eV (3.0%) for bond lengths and energies, respectivilalent m.a.e. without
Pu; trivalent m.a.e. without Th, Pa). For Anfowever, the deviations of the 5f occu-
pations are significantly increased up to ca. 0.9 electwhish explains the failure of
the hexavalent PPs in the case of the bond energies. Root#can see that the devi-
ation of the 5f occupation is comparable to those for Anherefore the hexavalent
PP for uranium yields reasonable results even for the boadygii\5f=0.20 electrons,
AEp,,q=0.29 eV (5.2%)). Finally, one can conclude that differenicetween SPP and
LPP 5f occupations higher than 0.5 electrons become toe.larg

3.1.6 Range of Applications

The 5f-in-core LPPs simplify electronic structure caltiglas on actinide compounds
significantly. However, the assumption of a fixed near-irdegf occupancy also bears
the danger of misuse of the approach, e.g., for cases whetleearbf occupancy than
modeled by the PP is actually present, cases where stateslifférent 5f occupan-
cies mix, or systems where the 5f orbitals strongly contghdirectly to chemical
bonding in a MO-LCAO (molecular orbitals by linear combioatof atomic orbitals)
sense. Thus, users of the 5f-in-core LPPs have to verifyndenying assumption by
(single-point) test calculations using, e.g. 5f-in-vaersPPs [15, 21] or AE methods
at the HF level. It is clear that questions related to indiaildelectronic states cannot
be addressed with the present approach, which rather g®aidswers for an average
over a multitude of states characterized by the same 5f @armypand the same va-
lence substate, i.e. a superconfiguration in the sense obtieept of Field advocated
for lanthanides more than two decades ago [81].

The range of possible applications of the actinide 5f-ined®Ps is certainly somewhat
smaller than for lanthanide 4f-in-core PPs [17]. Neveehs] a quite significant part
of actinide chemistry remains open for applications of dpproach. Possible appli-
cations of the divalent 5f-in-core PPs are, e.g., the stddyetal clusters of heavier
actinides, similar to previous related work on ytterbiumstérs [82]. In the case of
the tetravalent actinides the bis-cyclooctatetraene texap have been successfully
investigated with 5f-in-core PPs, which were found to beeablmodel quite well the
contributions of f and d orbitals to metal-ring bonding [88] Sect. 3.1.7). In addi-
tion a couple of applications have been published for tenebf-in-core PPs, i.e. DFT
studies on actinide(lll) motexafin complexes (An—MgatexAn=Ac, Cm, Lr) [23] and
on the hydration behavior of trivalent actinide ions [24frdnstrate that the 5f-in-core
approach performs encouragingly well. Furthermore, theesive energy of crys-
talline uranium nitride and its electron charge distribothas been investigated using
the trivalent 5f-in-core PP [25]. Therefore despite theagisread common knowledge
that the actinide 5f shell is chemically active and cannaattebuted to the core, am-
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ple quantitative evidence is found that such an approxonatan be made without
too much loss of accuracy for many cases. However, for thieehjgrhamely penta-
and hexavalent, oxidation states the successful apulitatvill noticeably decrease
compared to those of the lower oxidation states, becauskigiher oxidation states
are only formally realized in molecules. For example in thsec of penta- AnQ
and hexavalent An§ actinyl ions the 5f-in-core PPs failed except for £G30] (cf.
Sect. 3.1.8). The investigation of uranyl(VIl) complexeshwaromatic acids in aque-
ous solution using the hexavalent LPP showed reasonabiks 4] (cf. Sect. 3.1.9).
However, the hexavalent uranium PP is no 5f-in-core but anérge-core PP, because
its assumed 5f occupation is zeroY6f

3.1.7 Application to Actinocenes

The accurate treatment of metal sandwich compounds isistdhsiderable challenge
for ab initio quantum chemistry. It was shown to be rathefialift to account accu-
rately for relativistic and electron correlation effeatslarge organometallic systems
like ferrocene [85]. Due to the larger number of atoms andtedes, the greater im-
portance of relativistic effects due to the heavier cerdataim, as well as the need of
higher angular momentum basis functions for the centrahatxtinocenes are even
more difficult to treat accurately at an ab initio level thamrdcene.

Uranocene was the first of the f-element sandwich complerdshas been synthe-
sized [86] in 1968 after its theoretical prediction [87] ®6B. Soon after, the syntheses
of the analogous actinocenes of Th [88], Pa [89], and Np akasdPu [90] were re-
ported. Although all actinocenes were studied spectrasatyyy molecular structures
have only been determined for thorocene and uranocene fn@@a-tlimensional X-ray
diffraction [91]. The actinide ion, which has a formal +4 dation state, was found to
be sandwiched by two eight-membered aromatic rings3C, which are eclipsed in
conformation giving the moleculPg;, symmetry (cf. Fig. 3.7).

One reason why these fascinating complexes are studiedsaxdy by both experi-
mentalists as well as theoreticians is the speculation can@cbf orbital participation
in metal-ring bonding. Assuming a completely ionic moded, iAnt* complexed
by two aromatic GH3~ ligands, the highest and next-highest occupied ligandaigbi
haver character and transform according to theand g, representations of thB,,
point group, respectively. The actinide central ions havelying empty 7s (&), 7p
(&, €14), 6d (ay, &4, &), and partly occupied 5f (g, e, &,, &;,) orbitals. There-
fore the most important covalent contributions to actiritiey bonding arise from the
actinide 6d (g,) and 5f (g,,) orbitals interacting with the ligand orbitals of the same
symmetry [92, 93].

This has experimentally been proven, e.g., by the photelespectrum of ura-
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Figure 3.7: Molecular structure of An(¢Hsg)> (An=Th—Pu); An, C, and H atoms are
displayed in red, green, and white, respectively.

nocene [94], where the gligand band shows a much slower falloff in cross-section as
the photo energy is increased than expected for a pure C 2ol bgand band, and re-
sponds to the delayed maximum in the metal f band crossesdayia small maximum
at 39 eV. The strong resonance in the 90-125 eV region alsceited a large covalent
contribution of the f orbitals to the,g ligand orbitals. Furthermore, the crucial role
of 6d orbitals in complex stabilization is implicit in thesagnment of the £ and g,
ligand bands, since the ionization energy of theampared to that of.g is signifi-
cantly higher, and thus thgeorbitals are a larger source of bonding in uranocene.
The extent of the 5f and 6d orbital contributions to actiridieg bonding has been
discussed by several theoreticians. While some studiesugnated on the basis of
Mulliken orbital populations the primary role of the 6d ddis [95, 96], others deter-
mined a more equal bonding role for the 6d and 5f orbitals938297, 98]. Boerrigter
et al. [97] found that the 6d effects are more pronounced énetarly actinocenes,
with 5f interactions increasing in importance across threese According to this 5f-
in-valence SPP studies on thorocene [96] and uranocenesf@8yed the thorocene
ground state Bfr* configuration to be well separated from other configuratiamd
that of uranocene 5%* to mix slightly with 5f7% and 5fx2. Moreover, the seven 5f
orbitals in uranocene can be divided into two subgroups,adivehich has only one
orbital symmetry (g,) and is considerably delocalized (U character about 90%i)ew
the other one has different orbital symmetries, (€., &,) and is almost completely
localized (U character above 99%) [98]. The unpaired f edexst prefer to occupy the
localized 5f orbitals, since the 5f-ligandinteraction raises the energy of the 5f e
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orbitals (SCF orbital energies:0.396 (&,,), —0.427 (ey,), —0.428 (e3,), —0.433 a.u.
(22.)) [95]. The actinocenes are thus interesting candidatésstoif such a delicate
balance between 6d and 5f orbital participation in chembcadding can be covered
by the 5f-in-core approximation [29], although this apmio@oes not allow config-
urational mixing between states with different 5f occupas@nd models a spherical
symmetric 5f shell.

3.1.7.1 Computational Details

The actinocene An((Hg). (An=Th—Pu) geometries were completely HF optimized
using tetravalent 5f-in-core LPPs [29] with and without GRRposingDg;, symme-
try. For comparison also state-averaged MCSCF calcukatising 5f-in-valence SPPs
[15] were performed. In the case of thorocene and uranoc@fedalculations using
various correlation methods, i.e. MP2 with and without CRESSD(T), and DFT,
were applied, since here experimental structures [91]\aaiadle. The 1s orbitals of
the 16 C-atoms were frozen in MP2 as well as CCSD(T) calariatiFor An energy-
optimized (7s6p5d2f1g)/[6s5p4d2flg] [29] and (14s13[&B6d)/[6s6p5d4f3g] [21]
valence basis sets were used in LPP and SPP calculatiopsctesly. For C and H
Dunning’s cc-pVTZ basis sets [62] (10s5p2d)/[4s3p2d] absRp)/[3s2p] were ap-
plied. In the CCSD(T) calculations Dunning’s cc-pVDZ basets [62] (9s4pld)/
[3s2pl1d] and (4s1p)/[2s1p] for C and H had to be used due itdlilons in computa-
tional resources. As functionals in the DFT optimizatid®$][both B3LYP [100-105]
and PW91 [104-106] were applied. Here, for C and H TZPP bagss fsom the
TURBOMOLE [99] library without 1f and 1d function, i.e. (16g2d)/[6s3p2d] and
(5s2p)/[3s2p], were used, respectively.

The ionic metal-ring binding energy of the actinocenes weafindd by AE =
E(An**) +2 x E(CsHZ™) — E(An(CgHy),), where the actinide ion was assumed to
be in the same 3f ! configuration as in the complex.

Tables 3.12 and 3.13 list LPP HF and correlated resultsnfdetiring distances and
ionic metal-ring binding energies), respectively. MorepJable 3.14 shows the Mul-
liken population analyses from LPP HF and SPP state-aversl@SCF calculations.

3.1.7.2 Actinide—ring Distance

The actinide—ring distances from LPP HF, LPP+CPP HF, ands&Rre-averaged MC-
SCF calculations decrease almost linearly (correlatiaffimeents: 0.998, 0.997, and
0.989 for LPP, LPP+CPP, and SPP) with increasing nucleagehay about 0.1 A,

which is due to the actinide contraction. The LPP resultsragood agreement with
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Table 3.12: Actinide—ring distance®, (in A) and ionic metal-ring binding energies
AFE (in eV) for An(CsHg)2 (An=Th—Pu) from LPP HF calculations with
and without using CPPs in comparison to SPP state-average8(QW,
quasirelativistic HFS [97], and experimental [91] data.

R, AFE
An LPP CPP SPP HFS EXxp. LPP CPP  SPP
Th 2.080 2.067 2.084 2.08 2.004 79.75 80.17 79.95

Pa 2.066 2.053 2.048 2.02 80.16 80.61 80.98
U 2.047 2.033 2.013 1.98 1.924 80.75 81.26 81.92
Np 2.027 2.012 1.995 1.97 81.37 81.94 82.53
Pu 2.008 1.991 1.973 1.96 81.94 82.59 83.18

2LPP calculations using CPPs.

SPP as well as Hartree—Fock-Slater (HFS) [97] reference dat the m.a.e. and
m.r.e. amount to 0.025/0.04 A and 1.2/2.2% related to SPB/Hita, respectively.
The application of CPPs shortens the actinide—ring distsiby ca. 0.01 A, wherefore
the deviations to SPP and HFS values are reduced to 0.0B&) @& 0.03 A (1.7%),
respectively.

The reason why the SPP results are by 0.011 and 0.026 A shiaterthe former
published SPP actinide—ring distances for thorocene $80996] and uranocene
(2.039 A) [98] is the application of different basis sets, iin the case of Th(Es),
(14s13p10d8f6Q)/[6s6p5d4f3g] instead of (12s11plO&Yp6d4f] was applied for
Th and in the case of UEg), basis sets of VTZ instead of VDZ quality were used.
Compared to the experimental data [91] the LPP/LPP+CPP stkries are obviously
too long, i.e. 0.076/0.063 and 0.123/0.109 A for thorocene aranocene, respec-
tively. However, after inclusion of electron correlatioffeets at the MP2/CCSD(T)
level about 0.1 A smaller values are obtained, and thus thigtitens from experi-
mental values decrease #0.038/-0.012 and+0.016/4-0.042 A for thorocene and
uranocene, respectively. The use of CPPs at the MP2 levelkaldoes not affect the
actinide—ring distances, i.e. their decrease amounts at tnd.003 A. Hence, the
best Th-ring distance is obtained at the CCSD(T) level aisdritexcellent agreement
with experiment (1.992 versus 2.004 A). For uranocene tBedmreement is achieved
using the MP2 method (1.940 versus 1.924 A). This is moshlikased on an error
cancellation, because the experimental U-ring distanogeasestimated by all meth-
ods and MP2 yields a ca. 0.04 A too small distance for the simgase of thorocene.
The reason why the deviation for the CCSD(T) value of uranegs nearly four times
higher than that of thorocene-0.012 versus-0.042 A) might be that the ground state
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for uranocene is not purely 5f*, but consists of a configurational mixture of &t
(93.7%), 5¢73 (3.6%), and 5fr? (2.7%) [98]. In contrast to this the &f* ground
state of thorocene is found to be well separated from theexkstates [96]. There-
fore the tetravalent 5f-in-core PPs, which assume a 5f ataupof zero/two electrons
for Th/U, yield more accurate results for thorocene tharufanocene. However, the
deviations for uranocene are still acceptable, since the!Sfonfiguration is clearly
dominant.

The LPP DFT calculations using the B3LYP functional yieldiside—ring distances
which are by 0.040 and 0.101 A too long compared to the exmeriah values for
thorocene and uranocene, respectively. Since a DFT stugyaiactinocene [107]
shows that the BLYP functional generates slightly too loagtihg distances and that
the PW91 functional seems to be the best choice for ##4)g, calculations using the
PW91 functional were performed, too. Going from B3LYP to PMi®e actinide—ring
distances decrease by about 0.08 A resulting in quite srealaitions of—0.038 and
+0.026 A for thorocene and uranocene, respectively. Thesgtiod performance of
PW91 in the case of the actinocenes is confirmed and the appiig of the 5f-in-core
LPPs in DFT calculations is demonstrated.

Table 3.13: Actinide—ring distanceg,. (in A) and ionic metal-ring binding energies
AFE (in eV) for An(CsHg), (An=Th, U) from LPP MP2 calculations with
and without using CPPs as well as LPP CCSD(T), LPP DFT/B3kaYiE,
LPP DFT/PW91 calculations in comparison to experimenttd ¢2i].

R, AFE

Method Th U Th U
LPP MP2 1.966 1.940 83.45 84.32
LPP+CPP MP2 1.963 1.938 83.47 84.35
LPP CCSD(T) 1.992 1.966 83.56 84.48
LPP DFT/B3LYP 2.044 2.025 80.85 81.65
LPP DFT/PW91 1.966 1.950 83.99 84.66
Exp. 2.004 1.924

3.1.7.3 lonic Metal-ring Binding Energy

The ionic metal-ring binding energies increase almosalilyevith the nuclear charge
of the central actinide atom (correlation coefficients:98,90.997, and 0.993 for LPP,
LPP+CPP, and SPP) by 2.19, 2.42, and 3.23 eV for LPP HF, LPPHFR and SPP
state-averaged MCSCF calculations, respectively. Thiuesto the fact that the ac-
tinide contraction leads to a decreasing actinide—rintade, which goes along with
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an increasing dispersion interaction between the rings.

The agreement between LPP HF and SPP state-averaged MC&CB daite good,
i.e. the LPP ionic metal-ring binding energies are on avetag0.92 eV (1.1%) too
small. Analogous to the actinide—ring distances the apptiao of CPPs improves the
results (m.a.e. (m.r.e.): 0.48eV (0.6%)), since the ionatak-ring binding energies
are increased by about 0.52 eV related to the pure LPP ctitimsda

The inclusion of electron correlation effects via MP2, CEB and DFT/PW91
yields an increase of the binding energies by ca. 4 eV (5%ilevime energy increase
due to the DFT/B3LYP method amounts only to ca. 1 eV (1%). TthesDFT/B3LYP
energies lie by about 3eV below the values of the other caticel methods, which
is in line with the overestimated actinide—ring distanceg®FT/B3LYP. As it is the
case for the actinide—ring distance, the use of CPPs at th& Il has almost no
effect on the binding energy, i.e. the values are augmented imost 0.03 eV.

Table 3.14: Mulliken 6s/7s, 6p/7p, 6d, and 5f orbital populations anehat charges
(Q) on An in An(GHs): (An=Th—Pu) from LPP HF and SPP state-
averaged MCSCF calculations. A%6g°6d°7s* ground state valence sub-
configuration is considered for An.

S p d f Q
An LPP SPP LPP SPP LPP SPP I'PPSPP LPP SPP
Th 224 248 640 635 187 170 037 0.72 112 0.75
Pa 226 249 6.40 632 194 171 029 168 111 0.80
U 228 250 642 634 197 168 025 266 1.08 0.82
Np 229 251 644 637 199 170 022 363 1.06 0.79
Pu 230 252 643 639 199 170 020 460 1.07 0.80

20—4 electrons in the 5f shell are attributed to the LPP card@lfe-Pu, respectively.

Mulliken Orbital Populations From the Mulliken population analyses it can be
seen that besides the ionic bonding between the tetravaletatl ion Art* and the
two CgH3~ rings, ligand-to-metal donation and therefore covalentding is very
important, e.g., the charge of the actinide calculatedgu&iRP/SPP is only about
+1.094-0.79 rather than the formal4. This charge-transfer occurs to all valence or-
bitals of the Art* ion, whereby 6d and 5f are preferred to 7s and 7p, e.g., indbe ¢
of the SPP state-averaged MCSCF calculation for urano¢enédanation amounts to
1.68, 0.66, 0.50, and 0.34 electrons for 6d, 5f, 7s, and Bpgtively. Since the dona-
tion to 6d is almost three times larger than that to 5f, edfilnelings [95,96] that for the
actinide-ring bonding the 6d orbitals play the primary rate confirmed. However,
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one should be careful to avoid too detailed interpretatfom® Mulliken population
analyses due to their basis set dependence.

The valence s and p shells get slightly more occupied witheeming nuclear charge,
e.g., the 7s/7p occupation increases from 0.24/0.40 fdZJH), to 0.30/0.43 electrons
for Pu(GHsg)-, in the case of the LPP calculations. The valence 6d occupdtimv-
ever, stays relatively constant, i.e. an average of 1.95lan@electrons occupation
for 6d of all An(GHs), are observed for LPP and SPP calculations, respectively.
For the valence 5f orbitals the occupation decreases bydahd7.12 electrons from
Th(CsHs), to Pu(GHs), for LPP and SPP calculations, respectively. The increasing
valence s, p and the constant valence d respectively daogeadence f occupations
can be attributed to increasing relativistic effects altmgactinide series. The direct
relativistic effects are dominating for s and p shells risglin a contraction and sta-
bilization of 7s/7p, whereas for d and f shells the indiretativistic effects are larger
and lead to an expansion and destabilization of 6d/5f.

The SPP 5f occupations differ on average by 0.66 and at ma3tA2electrons from
the integral LPP 3f-! occupations, which demonstrates that the 5f orbitalsppatie
to some extent in the chemical actinide—ring bonding. Hexethe 5f-in-core ap-
proach still yields quite reasonable results, which is riksly due to the f-part of the
PPs, which allows for some 5f occupation in addition to ttiegnal 5~ occupation
modeled by the LPP, i.e. the LPP 5f occupations amount orageepn 0.27 electrons.
Thus, the mean deviation between SPP and LPP 5f occupasiongyi 0.39 electrons.

3.1.8 Application to Actinyl lons

The hexavalent uranyl ion U is a linear molecule with very short and strong U—
O bonds. The chemical stability of these bonds are well-knand account for the
omnipresence of U& in uranium chemistry [108]. The U ion has a closed-shell
singlet ground state with 12 valence electrons coming flo@Q 2p and U 5f, 6d, and
7s atomic orbitals [108]. Analogous to the oxygen dimer ti&pQrbitals forms,, o,

74, andm, molecular orbitals (MOs). The uranium ion possesses twuoany valence
shells, 5f and 6d, which can form bonds to these MOs due tosggimetry, i.e. 58,

5f ., 6do,, and 6dr, (in D). The resulting four highest occupied MOs in §fQ
30,4, 30, 11, and 2r,, can be viewed as bonding and thus suggest a notional U-O
bond order of three [109]. Since the bonding is strongly depet on the 5f orbitals,
the UG ion is an interesting but critical candidate to test the kabent LPP.

The other penta- AnQ and hexavalent Ang actinyl ions are investigated as well,
because they are beside EfQvital for underpinning the development of nuclear fuel
technologies. However, the calculations showed only msie results for UEY,
wherefore the results will be discussed separately fof'Usihd the other actinyl ions,
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respectively [30].

3.1.8.1 Computational Details

For UGX™ HF and CCSD(T) calculations were carried out with MOLPRO] [B2-
plying D, symmetry using both the LPP and SPP. In order to be sure tbaiRP
yields the correct linear structure, LPP HF geometry oations [99] using”; sym-
metry and different starting points were performed. Alldb®ptimizations resulted in
a linear structure, which was identified as a true energymum by a numerical vi-
brational frequency analysis. For O Dunning’s aug-cc-p\Mi&is set [62,63] was ap-
plied and for An (7s6p5d2f1g)/[6s5p4d2flg] and (14s13&t6d)/[6s6p5d4f3g] [21]
valence basis sets were used for LPP and SPP, respectivehe CCSD(T) calcula-
tions the O 1s orbitals were frozen. The ionic binding eneigy O3+ was defined by
AE = E(U") 42 x E(O*") - E(UO3"). Furthermore, a LPP and SPP DFT/B3LYP
[100-105] calculation were performed with TURBOMOLE [98}posingDg;, Sym-
metry. Since in TURBOMOLE exchange—correlation energresraimerically inte-
grated on element specific grids, and since no grid for urangiimplemented, the
LPP and SPP calculations were carried out employing thammeaind tungsten m5 grid,
respectively, by calculating the corresponding €e@nd WG molecules and by set-
ting the Ce and W nuclear charge and mass to 92 and 238.0decteely. In the case
of the SPP DFT calculations segmented contracted (14stBfdd)/[10s9p5d4f3g]
[110] valence basis sets were used.

For AnQj (An=U-Am) and Ang* (An=Np—Am) HF calculations were performed in
MOLPRO [52] implyingCy, symmetry using penta- and hexavalent 5f-in-core PPs,
respectively. For O Dunning’s aug-cc-pVQZ basis set [62y&® applied and for An
(7s6p5d2flg)/ [6s5p4d2flg] valence basis sets were used.

3.1.8.2 Uranyl(VI) ion

Table 3.15 shows bond lengths, ionic binding energies, &oddital occupations for
UOZ" from LPP HF, CCSD(T), and DFT/B3LYP calculations in compari to corre-
sponding SPP calculations and computational data fromtdrature [108,111-114].
As one can see the LPP and SPP bond lengths are in good agteemethe LPP
underestimates the SPP bond lengths by 0.008 (0.5%), 003%), and 0.050 A
(3.0%) at the HF, CCSD(T), and DFT/B3LYP level, respectivdh comparison to
the computational data from the literature, the LPP bondtlendiffer in a range of
0.015-0.074 A corresponding to 0.9-4.3%. However, thesitiens are not neces-
sarily due to the different core definitions, but may alse@from the use of different
basis sets, relativistic approaches, or density funclsorfor example, in the case of
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Table 3.15:Bond lengthsR, (in A), ionic binding energies\E (in eV), and f or-
bital occupations for U§ from LPP HF, CCSD(T), and DFT/B3LYP
calculations in comparison to corresponding SPP calarlatas well as
computational data from the literature.

Method Ref. R, AF f occ.
LPP HF 1.631 176.05 1.74
SPP HF 1.639 181.21 2.23
AE DHF [111] 1.650

LPP CCSD(T) 1.668 177.30 1.69
SPP CCSD(T) 1.689 183.81 2.17
SPP CCSP [112] 1.697

quasirel. AE CCSD(T) [113] 1.683

AE DHF+CCSD(TY [114] 1.715

LPP DFT/B3LYP 1.642 180.44 2.04
SPP DFT/B3LYP 1.692 185.85 2.45
SPP DFT/B3LYP [113] 1.698

quasirel. DFT/BPVWN [108] 1.716

2U 5s, 5p, and 5d as well as O 1s orbitals were frozen.
For U 1s-5d and O 1s orbitals the frozen-core approximatias applied.

the largest deviation, which occurs between the LPP DFTY¥#3kand the quasirela-
tivistic DFT/BPVWN [108] calculation, a 1s—5d instead ofs-bf core, pVTZ instead
of aug-cc-pVQZ basis sets, and the BPVWN instead of the B3d¥#sity functional
were used for the quasirelativistic DFT calculation.

For the ionic binding energies the LPP underestimate the &&®é& by 5.16 (2.8%),
6.51 (3.5%), and 5.41eV (2.9%) for HF, CCSD(T), and DFT/BBL¥alculations,
respectively. These small deviations as well as those ®btnd lengths can be un-
derstood by the comparison of the LPP and SPP 5f orbital @tmns, which show
deviations below 0.50 electrons for all calculations (0@48, and 0.41 electrons for
HF, CCSD(T), and DFT/B3LYP). Thus, analogous to the testudation on UF in

the case of the uranyl(VI) ion the hexavalent LPP for uran({6ff) yields reasonable
results.

3.1.8.3 Actinyl(V) and Actinyl(VI) lons

Table 3.16 lists bond lengths and angles for An@n=U-Am) and AnG" (An=Np-
Am) from LPP HF calculations in comparison to scalar-rglatic AE DFT/PBE [115]
and SPP state-averaged MCSCF [116] calculations fromttraiure, respectively. In
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Table 3.16: Bond lengthsi, (in A) and anglest O—An-O (in deg) for AnQg (An=U-
Am) and AnG* (An=Np-Am) from LPP HF calculations in comparison
to scalar-relativistic AE DFT/PBE [115] and SPP state-aged MCSCF
calculations [116] from the literature, respectively.

AnOj AnO3*
LPP AE! LPP SPP
An R, Z R, R, ya R,
U 1.776 109.3 1.770
Np 1.784 106.0 1.750 1.710 108.0 1.628
Pu 1.781 104.7 1.734 1.727 103.7 1.609
Am 1.776 104.0 1.731 102.2 1.594

“Don, Symmetries, i.e. bond angles correspond t0°180

contrast to the AE and SPP reference data the LPP HF catmsadid not yield linear
structures, but bent structures with O—An—O bond anglesdest 102.2 and 1093
Furthermore, the LPP HF bond lengths are by about 0.029 (1a6%0.112 A (7.0%)
longer than those of the AE DFT/PBE [115] and SPP MCSCF [14&]jutations for
AnOj and AnG™, respectively. Thus, in the case of these systems the a asump-
tion of penta- and hexavalent actinides and a correspomdiagintegral 5f occupancy
fails. For the hexavalent actinyl ions this failure is indiwith the results for Ang
where the 5f-in-core approach was too crude as well. HoweherLPP test calcu-
lations for AnF, showed good agreement with SPP reference data, where®lath
description of the pentavalent actinyl ions was not expkcte

In order to understand the discrepancies between the AEfanecbre PP results for
AnOj, a SPP state-averaged MCSCF geometry optimization [52]@r distributing
one electron in the seven U 5f orbitals and optimizing thenmma@ergy of the corre-
sponding seven states was performed (cf. Table 3.17; betsisd (14s13p10d8f6g)/
[6s6p5d4f3g] [21], O aug-cc-pVQZ [62, 63]; symmeti¥;,). Analogous to the LPP
HF result the SPP MCSCF structure is bent with an O-U-O bogieasf 152.2.

If the UO; structure is optimized for the individual states, four &n@and three non-
linear structures are obtained (cf. Table 3.17). From aikedl population analysis of
the singly occupied molecular orbitals (SOMOSs), which asenthantly of U 5f char-
acter, it can be seen that the seven U 5f orbitals can be divide two subgroups.
Four of them are pure f orbitals (100% f character) and these ldominant f contri-
butions, but mix with U d and O p orbitals (f character about&®%). The pure f
orbitals are non-bonding; and f,, orbitals and when singly occupied the correspond-
ing optimizations yield linear structures. The other f talts correspond for a linear
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structure tof, and f, orbitals, which can mix with U d and O p orbitals due to their
symmetry. If these orbitals are singly occupied the cowagpg optimizations yield
bent structures, which have 2-3 eV higher energies tharirtbarlones withy; or f,
singly occupied.

Table 3.17:Bond lengthsR, (in A), bond anglesyO-U—-O (in deg), and occupations
of the SOMOs, which are dominantly of U 5f character, for JJfom
SPP state-averaged MCSCF geometry optimizations for teeges of
the individual states arising from a'Séccupation as well as for the mean
energy of these stateS. Furthermore, the relative energiést with
respect to the lowest staté\,, (in eV) and the energy differene®E};,,cqr
(ineV) to aD.., optimized structure is given.

Optimized for R, z SOMO occ. AL AL .
ECA,) 1.700 180.0 1.00 0.00

EC®,) 1.711 180.0 1.00 0.06

ECA;) 1.725 155.8 0.75 2.26 0.07
ECB,) 1.736 117.8 0.88 2.03 0.30
E(By) 1.750 100.1 0.86 3.09 3.63
E 1.729 152.1 1.66 0.14

aAElinear = E(Dooh) - E(CQU)

The reason why id’;, the optimization for the average of the seven states yietgna
structure, although there are more linear than non-lineangetries, is most likely that
for the 2B, state the energy difference between the linear and the logiiitgium
structure is so high (3.63 eV) that the optimization of themenergy~ is dominated
by this contribution and dragged to a bent structure. Sihegentavalent 5f-in-core
PP for uranium describes the average of dlidates, a bent UDstructure is obtained
in qualitative agreement with the 5f-in-valence SPP residivever, it is obvious from
the SOMO population (cf. Table 3.17) that the assumptiondfaccupancy of at least
one electron is not fulfilled. Thus, UQcannot be treated within the 5f-in-core approx-
imation using the pentavalent PP for uranium.

However, if the hexavalent PP for uranium is applied to dateuUQ! by explicitly
distributing one electron in the seven f orbitals and opting the mean energy of the
seven states, a similar structure as in the SPP MCSCF ctideulaith a bond an-
gle of 160.5 (R.=1.667 A) is obtained. Here, the uranium basis set has béghilg!
increased by using four instead of two f exponents, whicheHasen optimized in
state-averaged MCSCF calculations [52] for thé6Bf7s* valence subconfiguration
of the hexavalent uranium LPP (exponents: 5.719, 2.062,/0(7.266).
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If HF instead of state-averaged MCSCF calculations areopaed [52] by assuming
the single electron to be, e.qg., infaorbital, both SPP and LPP yield linear structures
with a bond length difference of 0.058 Az(: SPP 1.700, LPP 1.642 A). Therefore
reasonable results are obtained for thejU@olecule with the LPP presented here,
but the hexa- instead of the pentavalent PP for uranium hbe tesed. It should be
noted, however, that the hexavalent PP for uranium is otlaaye, but not really of
5f-in-core type (5f occupation).

The other actinylions AnQare similar to UQ and the failure of the pentavalent LPPs
should therefore also be due to the fact that states, whgremf, orbital is occupied,
yield non-linear structures. In summary the applicatiothef 5f-in-core approach to
these systems cannot be recommended.

3.1.9 Application to Uranyl(VI) Complexes

Natural organic material and microbes can influence the atimgr behavior of ac-
tinides, particularly of uranium, in the environment. FHoe tassessment of risks con-
nected, e.g., with long-term nuclear waste disposal, kedge of the binding modes
of uranium under the various environmental conditions ipantant. Therefore it is
necessary to investigate the complex formation of uraniuth gelected bioligands,
particularly with siderophores of the pyoverdin type, whitave a high potential to
bind actinides [117-124].

The preferred actinide binding functionalities of pyoviesdare the hydroxamic acid
group at the peptide chain and the catechol group of the abpbore [119, 125]. In
UV-vis [126] and time-resolved laser-induced fluorescespeetroscopy [127] studies
of the complexation behavior of this hydroxamic acid grosgdjcylhydroxamic acid
HOC;H,CONHOH (Hsha) and benzohydroxamic acigH;CONHOH (Hbha) were
used as simple model ligands. As a comparison to the hydroxacids, benzoic acid
CsH;COOH (Hba) was also investigated. It was found that the bigagha and bha
form 1:1 as well as 1:2 (metal ion:ligand) complexes, while ba ligand always
yields the 1:1 complex [126]. The strength of the complexfation decreases from
sha via bha to ba and the 1:2 complexes are more stable than the corresponding
1:1 complexes. Furthermore, the absorption and fluorescpraperties of the ura-
nium(VI) species formed with shabha", and ba were determined. If the uranyl ion
UO3" is coordinated by the hydroxamates st bha', a blue shift of the absorption
maximum is observed, whereas coordination to the carbteyla results in a red
shift of the absorption maximum with respect to the spectofithe “free”, i.e. water-
coordinated, U®" [126].

The structural data of actinide hydroxamate and benzoat@espare scarce. Although
sha is mainly discussed as coordinating metal ions via the twadrdwamic oxygen
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atoms ([O,0]-mode) [128-132], there is at least one othasawable coordination
mode via the phenolic oxygen and the nitrogen atom ([Npabde) (cf. Fig. 3.9).
Extended X-ray absorption fine structure (EXAFS) spectrpgcalone is often not
sufficient to solve the structure of uranium(VI) speciestipalarly in the presence
of mainly light backscattering atoms (C, N, O) in the neatesrsurrounding of the
absorbing uranium atom. However, it has been shown [133-théfa combination
of EXAFS spectroscopy and quantum mechanical methods isfalusol not only to
investigate structures, but also to estimate complexIgtabiin solution.

In this section DFT calculations will be presented, whicliphle determine precise
molecular structures from the EXAFS data for theJ@omplexes with the model lig-
ands sha, bha, and ba and which clarify the coordination mode in the [Wsba]"
complex. Furthermore, calculated relative stabilitied Eme-dependent DFT (TD-
DFT) [142, 143] excitation spectra are compared to previexserimental stability
constants [126, 127] and UV-vis spectra [126], respectiv8lince all experiments
are performed in aqueous solution, solvation effects arefully addressed within
the DFT calculations using both an explicit first hydratigiere for the U&" frag-
ment and a continuum model. After the computational deth#sinvestigated U&
complexes with one and two model ligands, i.e. 1:1 [144] ard[84] complexes,
will be discussed separately. In the case of the 1:1 comgplerly the 5f-in-valence
SPP [15] for uranium was applied, while for the 1:2 compldxeth SPP and hexava-
lent LPP [30] were used.

3.1.9.1 Computational Details

The uranium(V1) complexes [USD] T and [UG,L,]® (L=sha, bha, ba) were completely
geometry optimized (symmetryc) at the DFT/B3LYP level [100—105] using the
TURBOMOLE program system [99]. For [USha]" both the [O,0]- and [N,Q-
mode were considered, while for [U€ha] only the [O,0]-mode was calculated, be-
cause this mode is found to be clearly favored for the 1:1 dexapFor [UO,L]
(L=sha, bha) there are two possible structures, i.e. thhiegenh atoms of the ligands
can be located on the same or on opposite sides. Since thatidasifor SPP bond
lengths, bond angles, and total energies are at most 0.045Aand 0.0002 a.u. (cf.
Table C.8), respectively, only the complexes with the igignoatoms on opposite sides
will be discussed.

In order to ensure that the obtained structures are truggm@nima on the potential
energy surface (PES), numerical vibrational frequencyyaea were performed. For
uranium the 5f-in-valence SPP [15] was used in combinatiibin the (14s13p10d8f)/
[10s9p5d4f] segmented contracted valence basis set [Th@]accuracy of this scalar-

5The 1:2 complexes were calculated by D. WeiBmann.
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relativistic valence-only model for structures and birgdenergies, if used in combi-
nation with hybrid density functionals, was demonstrated, by Batista et al. [145].
In the case of the 1:2 complexes also the hexavalent LPP [@®seed in combination
with the (7s6p5d2f1g)/[6s5p4d2f1g] basis set. All othemas were treated at the AE
level using TZP basis sets from the TURBOMOLE library [99%cEpt for the UG"
oxygen atoms, all oxygen and nitrogen basis sets were augohey one diffuse s-, p-,
and d-function taken from the aug-cc-pVDZ basis sets [68pdaents: O: s 0.0790,
p 0.0686, d 0.3320; N: s 0.0612, p 0.0561, d 0.2300).

Since in TURBOMOLE [99] exchange—correlation energieswaraerically integrated
on element specific grids, and since no grid for uranium idemented, all SPP and
LPP calculations were carried out employing the tungstergritbby calculating the
corresponding W& molecules and by setting the W nuclear charge and mass to 92
and 238.03 u, respectively. Total energies were converm@dt a.u. Beside the gas
phase optimizations, calculations including solvatide&g were performed as well
(cf. below).

The electronic excitations were treated within the adiabapproximation of TD-
DFT [142,143] considering the 100 energetically lowesgjhexcitations. For every
calculated spectral line, one Gaussian functiprxp[—b (A — \g)?] was used to rep-
resent the contribution to the spectrum. Heges the oscillator strength), is the
wavelength, an@d=0.005 is a broadening parameter. The continuous spectrum i
given interval was obtained pointwise, as the sum over tBe@&ussian functions, for
each wavelength.

” o 1
Level 2 Level 3 Level 4
X Y
“Level 07
7
Level 1

Figure 3.8: Different levels of addressing solvation effects. Noté thare is no well-
defined hierarchy among the levels 1 and 2.

"For the 1:1 complexes the calculations including solvagifiacts were performed by J. Wiebke.
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Modeling Solvation Within a stationary quantum chemistry framework, one can ad
dress solvation effects on molecular and electronic sirestby applying continuum
models [146] or by modeling parts of or complete discreteatodn shells around the
solute system of interest (levels 1 and 2, respectivel¥igt. 3.8). Moreover, one can
combine both in a hybrid-type level 3 approach, modelingi®aisolvent clusters for
gas phase conditions and correcting for long-range intierscby single-point energy
calculations applying a continuum model. A level 4 approaciuld additionally in-
volve molecular structure relaxation within the continuomadel potential.

Solvation effects on the [UR]*, [UO,L,], and UG+ systems have been modeled
employing a hybrid-type level 3 approach. It has been showegent investigations
of UO3" hydration [147-150] that this is a reliable strategy witheérent, but known
shortcomings, which can be identified within a well-defingésrdrchy of increasingly
better approximations to aqueous solution conditionsHigf. 3.8). Moreover, within
a full level 4 approach, one encounters poor molecular gtraconvergence [149] or
convergence to PES saddle points only [147], which has lessamntly discussed to be
an artifact due to the discretization of the solute cavityplayed by the continuum
models [151].

As continuum model the Conductor-like Screening Model (84Q8 [152] was used
as implemented [153] in the TURBOMOLE program package [9d)e continuum
permittivity was set to infinite. Solute cavities were counsted using the default pa-
rameter set and the COSMO-RS atomic radii [154] of 1.30, ,21083, and 1.72 A
for H, C, N, and O, respectively, and 2.00 A for U [148]. [u&Da(OH);]T™ COSMO
screening energies for U atomic radii varying in a range 0043.00 A do not deviate
from the 2.00 A radius screening energy by more than 3 kJ ol

Because of computational feasibility, and because th&Udgment was expected to
be the most strongly affected by solvation effects, a cote@elvation shell was only
modeled for the U®'" fragment, i.e. no discrete ligand solvation was considefed
the 1:1 complexes a realistic numhérof OH, ligands in the U™ equatorial plane
was obtained from considering the rearrangements

[UOQSha(OHg)x_l : OH2]+ — [UOQSh&(OHQ)I]+ (35)

with [UO,sha(OH),_;-OH,y]* havingz—1 OH, ligands in the first and one GHig-
and in the second U} solvation shell. Theny' is the largestr for which the rear-
rangement (3.5) gives negative reaction energies. Wittandvel 3 approach, optimal
molecular structures without, and total energies withim @OSMO potential were
calculated for the [U@ha(OH),_,-OH,y]* (z=3, 4) and [UQsha(OH),]" («=0, 1,

2, 3) systems. For [Ug&ha(OH)4]* no PES minimum structure was found, since
during attempted structure optimizations the forth,Qigand moved out of the first
UO3" solvation shell to give [U@sha(OH);-OH,]* in all cases.
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For =3 [UO,sha(OH);] " is favored over [U@sha(OH),-OH,]* by 47 kmot.
Rigorously, from this one can only conclude that3 is the minimum number of
OH, ligands coordinated to the UO fragment of [UQsha}". However,z'=3 fits best
to experimental EXAFS coordination numbers, which are tbtmbe five as well.
Moreover, forz=0, 1, 2, and 3 the [Ugha(OH),]" mean equatorial U-Q dis-
tances of 2.224, 2.330, 2.392, and 2.460 A, respectivelytageh the experimental
EXAFS value of 2.41 A as increases. Although the=3 value is ca. 0.05 A too large,
this is known [147,155-157] as a systematic level 3 overedton of metal ion—OHKl
distances due to the neglect of molecular structure rataxatithin the COSMO po-
tential, which is the more severe the largeis. Moreover, this might also be due to
the DFT/B3LYP method, which has been shown to overestingieaally equatorial
bond distances in Puy® complexes [158]. Therefore [USha(OH)s] T is believed to
be the most consistent structure model for the uranyl(\Wdsystem. Because of the
great similarity of bha and ba with sha’, and because of the experimental EXAFS
data,z’=3 is assumed for the bha and ba systems, too. Forfd(@H,);]", how-
ever, no PES minimum, but only a first order PES saddle poistfaand in all cases;
following that structure’sv=i20.8cnt! eigenmode did not lead to any PES mini-
mum corresponding to a [UPa(OH,);]* complex. Similar difficulties were stated
for PuG* complexes [158] and attributed to the DFT/B3LYP method.

For the 1:2 complexes an analogous procedure was carriddrabe [UO,sha] sys-
tem, i.e. optimal molecular structures without, and totedrgies within the COSMO
potential were calculated for the [U€hg(OH;),._1-OH,] (xz=2) and [UQsha(OH,)..]
(z=1, 2) systems. Far=2 [UO,sha(OH,)-OH,] is preferred to [UQshg(OH,),] by
17 kJmol. Thus, in the case of the 1:2 complexes the coordination euskfound
to be five analogous to the experimental EXAFS results. Toerdhese complexes
were calculated with one additional Qtigand in the UG equatorial plane.

3.1.9.2 1:1 Complexes

In the following molecular structures, relative stabé#j and excitation spectra of the
1:1 complexes [UGL] " (L=sha, bha, ba) from SPP DFT/B3LYP calculations will
be compared to experimental data [126, 127, 144]. In the ch#ee sha system the
preferred coordination mode, whether [O,0] or [N,Will be determined.

Molecular Structures Figure 3.9 shows the calculated gas phase molecular struc-
tures of [UQL] " (L=sha, bha, ba). For [UGha]" both the [O,0]- and [N,g-mode

are given. As one can see the [Nj@ode [UO,;sha]" has a very long U-N bond
length and is clearly more distorted than the [O,0]-mode {&MHa]", which already
suggests that the [N;Pmode is less stable. In contrast to [Lliha]" the ligand of the
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Figure 3.9: [UO,L]* (L=sha, bha, ba) gas phase molecular structule, 3, and
4 correspond to the [O,0]- and [N@mode [UQ,sha]", to [UO,bha]",
and to [UQba]", respectively. U, C, N, O, and H atoms are displayed in
turquoise, green, blue, red, and white, respectively.

[O,0]-mode [UGQsha]' is in-plane. This is most likely due to the phenolic OH group,
which can interact with the NH group of the hydroxamic aciddtionality and which

is not present in the bha system. The ligand of jB&]" is again in-plane so that this
complex hag”s symmetry.

In Table 3.18 calculated gas phase bond lengths and angl¢g@L]* (L=sha,
bha, ba) and U8 are listed. Generally, the U-Qdistances are found to increase,
if bare UG is complexed. For U&", where the EXAFS sample is pure (100%
UO2"), DFT underestimates the experimental Ugz@istance by ca.0.07 A. For the
complexes [UGL]*, however, the DFT U-Q bond lengths are at most ca.0.03 A
shorter than those given by EXAFS. These smaller deviagoasnost likely due to
an error cancellation, since the experimental W=abnd lengths, which are averaged
over all UG species, appear to short due to the large “free’sU®action in the
EXAFS samples. Furthermore, a reason for these underéstimaas the neglect of
solvation effects, because additional water ligands inU@* equatorial plane in-
crease the U-Q distances. Thus, the smaller deviations in the case of tmplexes
can also be explained by the fact that here only three ingiefide equatorial water
ligands are missing. In the case of the Uz@istances one should not compare gas
phase DFT and EXAFS data, since the gas phase calculatiosgleo UG™ only as
bi- and not as penta-coordinated. The comparison of the'[My@de [UO;sha]™ with
the other complexes confirms the observation from Fig. 3a®tthe U-N distance of
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2.395A is quite long. The U-Q bond lengths in the hydroxamate systems [O,0]-
mode [UQsha}" and [UQ,bha}" are nearly the same\(,,,, 2.=0.007 A). The U-Q,
distances of the [Ugba]" complex, however, deviate by up to 0.072 A from those of
the hydroxamate systems. A further change due to the conigimation is that the
linear O—U-0O unit of UQ" becomes slightly bent.

Table 3.18:Bond lengthsR, (in A), anglesZ (in deg), and binding energies (in
kJmol!) for the complexes [UG]* (L=sha, bha, ba) and the bare
uranylion UG from SPP DFT/B3LYP gas phase calculations compared
to EXAFS bond lengthsR.y, (U-O.y) [144] and experimental stability
constantdg 3 [126]. For [UO,shaj" the results for both the [O,0]- and
[N,O']-mode are given.

[UO,sha]

[0,0] [N,0] [UO,bha} [UO,ba]* uoz+
R.(U-0,,) 1.757 1.760 1.755 1.749 1.698

1.759 1.760 1.757 1.749 1.698
Reyp. (U=0,,)° 1.77 1.77 1.78 1.77
R.(U-Ocar)’ 2.272 2.279 2.247
R.(U-ON) 2.175 2.178 2.247
R.(U-Opy,) 2.114
R.(U-N) 2.395
/0,,—U-Q,, 167.1 170.7 167.4 168.3 180.0
ZO0¢un—U-ON'  67.5 67.3 58.0
/N-U-Opy, 71.2
E 1649 1610 1616 1510
Ig 3 17.12 7.96 3.37

2“Composition of the EXAFS samples: shal7% [UO,sha]", 32% [UO,sha], 51% UOE*; bha :
23% [UO;bhalt, 39% [UO,bhay], 38% UCGET; ba: 72% [UOba]t, 28% UG T; UO2T: 100%

uost.

®Ocarp. is the oxygen atom of the carbonyl group.

In the case of ba the coordinating oxygen atom denoted as ON corresponds torihinal hydroxyl

group.

Table 3.19 shows the calculated structure parametersd@atimplexes [UGL(OH,);] ™

(L=sha, bha) as well as for the solvated uranyl ion J(@H,)s]*".

Analogous to

the gas phase results, the Ugz@istances in [U@OH,);]** increase, if two water
molecules are substituted by a bidentate hydroxamatedigdumt due to the consider-
ation of the solvent effect, here the EXAFS values are ongjhdlly under- and over-
estimated for [UQ(OH,);]?>* and [UQ,L(OH,);]* by ca.—0.02 and at most0.01 A,
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respectively. The comparison of the mean calculated bamgthes 2(U-O,,,) for the
[0,0]- and [N,C]-mode [UO,sha(OH);s] " with the EXAFS data indicates that shis
coordinated via the [0,0]-mode, since for this mdt&-0.,) exceeds the experimen-
tal value only by ca. 0.05 A as opposed to ca. 0.09 A for the [Np@de. Furthermore,
R(U-0,,) of the [N,0]-mode [UO;sha(OH);]* is larger than that of [UQOH,)s]**,
which is due to the very long U-N distance of 2.698 A. For thedfPmode sha and
the bha complex, howeveR(U-O,,) decrease by 0.036 and 0.035A compared to
[UO,(OH,)5]?*, respectively, which is qualitatively in line with the EXSFresults.
The fact that EXAFS U-Q bond lengths decrease only by 0.01 A upon coordination
is attributed to the large fraction of “free” UO present in the EXAFS sampleB(U—
0.,) of the [0,0]-mode sha and the bha system differ only by 0&0&hich may
explain why the EXAFS data show no difference. The overesion of the experi-
mental U-Q, distances by 0.05, 0.05, and 0.08 A for [0,0]-mode [Siza(OH);]*,
[UO,bha(OH)s] ", and [UG,(OH,)s]%t, respectively, is connected with the shortcom-
ings of the applied level 3 solvation model, i.e. the exsasiydration of the U®"
fragment and the neglect of bulk solvation effects. Furtiae, this can be due to
the DFT/B3LYP method, which has been shown to overestingieaally equatorial
bond distances in Pu® complexes [158]. Here, the deviations for [LIGOH,);]*
are again smaller than that for [J@H,)s]?* due to the large fraction of “free” U
present in the EXAFS samples.

The Q,,—U-Q,, bond angles of the [UEL] T complexes are increased by about°2.6
if solvation effects are included. Therefore the deviafimm the experimentally ob-
served linear O—U-O unit is slightly decreased comparetidayas phase structures
of the uranyl complexes.

Relative Stabilities The zero-point corrected uranyl-ligand binding energiésla-
ble 3.18) were obtained by = E(UO5") + E(L~) — E([UO,L]*) and the zero-
point energies were scaled by 0.972 [159]. Only gas phasdifgnenergies are
given, because explicit hydration was exclusively congiddor the UG" fragment
and not for ligands, resulting in energies that are too snifatlalculated viak =
E([UOy(OHy)5)*") + E(L™) — E(JUOyL(OHy)3]" — 2 x E(OH,).

The comparison between the binding energies of the [O,Od tae [N,J]-mode
[UO,sha]” shows that the latter complex is less stable by 39 ki mdrhis confirms
the conclusion based on the structure data that the kyand binds via the two hy-
droxamic acid oxygen atoms. Analogous to the experimetdbllgy constants [126],
the calculated binding energies demonstrate that the ensgphbilities decrease from
[O,0]-mode [UGQsha]" via [UO,bha]" to [UO,ba]".
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Table 3.19:Bond lengthsR. (in A) and angles/ (in deg) for the complexes
[UO,L(OH,)s]* (L=sha, bha) and the solvated uranyl ion [L{{OH,);]**
from SPP DFT/B3LYP calculations including solvation eteecompared
to experimental EXAFS data [144]. For [U6ha(OH)s]™ the results for
both the [O,0]- and the [N,(mode are given.

[UO,sha(OH);]*
[0,0] [N,O] [UO,bha(OH)s]* [UO,(OHy)s]**
R.(U-0.,) 1.774 1.771 1.773 1.749
1.776 1.775 1.775 1.749
R.(U-0,,) 1.775 1.773 1.774 1.749
Ry (U-0,)* 1.77 1.77 1.77
R.(U-Oca)®  2.363 2.372
R.(U-ON) 2.284 2.292
R.(U-Opy,) 2.165
R.(U-N) 2.698
R.(U-OH,) 2.537 2.516 2.538 2.495
2.557 2.547 2.550 2.495
2.560 2.574 2.552 2.496
2.497
2.497
R.(U-0O.,) 2.460 2.500 2.461 2.496
Rexp. (U-O,)” 2.41 241 2.42
Z0,,—U-Q 169.1 174.4 169.4 179.8
/O¢ar,—~U-ON’  65.8 65.9
/N-U-0p, 64.7

2Composition of the EXAFS samples: shal7% [UO,sha]", 32% [UOQ,sha], 51% UG "; bha :
23% [UOybhalt, 39% [UO,bhay], 38% UG H; ba: 72% [UOba]t, 28% UG T; UO3*: 100%
uosT.

®Ocarp. is the oxygen atom of the carbonyl group.
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Electronic Spectra The electronic spectrum of bare JOhas previously been dis-
cussed [160]. All transitions in the near-infrared andhlisiregion are dipole-forbid-
den, but may become allowed via interaction with equatdigahds. Calculated bare
UOZ™ and [UQ,Cl,]?>~ excitation energies were found to agree with experimeptats
troscopic data for solid-state €80,Cl,] within ca. 30 and 11 nm at MRCI (multi-
reference configuration interaction) [161] and CASPT2 [1é2els of theory, respec-
tively. In contrast, however, it has recently been pointet{»63] that one cannot take
for granted that excitation energies for the bare;U@alculated at the TD-DFT level
are always reliable.

Because of thé€’; symmetry of the systems studied here only trivial)(irreducible
representations can be assigned to their electronic sfitesefore the systems (canon-
ical Kohn—Sham) occupied and virtual MOs, which contribtatéhe electronic exci-
tations, calculated from the TD-DFT response functionshalconsidered. The MOs
have been assigned to the BfQOL~, and OH subsystems of [UQ.(OH,);]* (L=sha,
bha) by their MO coefficients and by the Mulliken populatiovalysis.

In Fig. 3.10 the [O,0]-mode [Ugha(OH);]* excitation spectrum calculated within
the COSMO potential is shown as a representative for botbith@nd the correspond-
ing bha system. Both systems’ excitation spectra show ttisganct groups of exci-
tations, which differ in wavelengths and relative intensities: large-intensity g0
«— OH, charge-transfer (CT) excitations with<200nm, L 7* «— 7 excitations of
intermediate intensities in the 200—300 nm region, ang'UO L~ CT excitations of
low intensities in the 300—700 nm region.

As shown in Fig. 3.11 the experimental uranyl-sha and —bktesys’ UV-vis spec-
tra show one broad absorption band in the 350-450 nm regin @ath absorption
maxima at 402 and 401 nm, respectively [126]. The calculatesbrption maxima
of the [O,0]-mode [UG@sha(OH);]™ and [UO,bha(OH);]™ systems are at 367 and
373nm, i.e. blue-shifted by 35 and 28 nm or 0.29 and 0.23 e3peadively, from
the experimental absorption maxima. In the [O,0]-mode {Ef@(OH);]" excitation
spectrum there is a second low-intensity excitation at 464ire. 52nm or 0.35eV
from the experimental absorption maximum. All these maximralve CT excitations
from L= 7 MOs to U 5f atomic-orbital-like MOs. The [O,0]-mode [U&ha(OH)s]™
367 nm and the [Ugbha(OH)s]* 373 nm excitations are assigned to the correspond-
ing experimental absorption maxima, because, considénmgalculated\ range of
ca. 200-700 nm, these match the latter within the expectet@syatic TD-DFT error,
and because experimental UV-vis spectra are dominateddsyiatensity intramolec-
ular ligand excitations fok < 350 nm [126] as calculated. Moreover, when comparing
to experimental data one has to consider that thé'dO~ complex formation is far
from being quantitative, i.e. that experimental UV-visape might be dominated by
the “free”, though solvated, U ion’s absorption bands centered at 414 nm [126].
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Figure 3.10: Calculated TD-DFT excitation spectra for the [O,0]-mode
[UO,sha(OH),]"™ systems withz=0, 1, 2, 3 and forz=3 within

the COSMO potential.
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Compared to the [0,0]-mode the calculated [s@ode [UO,sha(OH);] ™ excitation
spectrum shows no suitable excitations in the 350-450 nemiat There are L 7*

« 7 and UG" « L~ CT excitations at 322 and 526 nm, being blue- and red-shifted
by 80 and 124 nm or 0.73 and 0.77 eV, respectively, from themxgntal sha—uranyl
system'’s absorption maximum. Therefore the [Nk@ode may also be ruled out by
comparison of its calculated with the experimental absongpectrum.

From the calculated excitation spectra of the [O,0]-mod®4Jtha(OH),]" systems,
as shown in Fig. 3.10, one can see that accounting for sotvaffects is important to
bring calculated excitation spectra in line with experita¢data. Neglecting solvation
effects by setting:=0 apparently gives a correct number and ordering of exacrtat
which are, however, significantly red-shifted with resgediothx >0 and experimen-
tal data. Inclusion of discrete QHigands in the UQ" equatorial plane improves the
calculated excitation spectraascreases. If=3, inclusion of the COSMO potential
blue-shifts the UQ" « L~ CT excitation from 391 to 367 nm, which is a large part of
the 35nm or 0.29 eV mismatch of the calculated excitatiomftbe experimental ab-
sorption maximum. The fact that improving the solvation eloagith COSMO, i.e. by
going from a level 2 to a level 3 solvation model in Fig. 3.8j8@s a more pronounced
mismatch of calculated and experimental absorption spéctyelieved to point to the
solvation model’s shortcomings, i.e. the neglect of digcte subsystem solvation
and the level 3 approximation of bulk solvation effects bynae dielectric model.

In order to address the question of exchange—correlatiosityefunctional depen-
dency, the [O,0]-mode [Ugha(OH);]™ excitation spectrum was recalculated using
the gradient-corrected PW91 [104-106] and BP86 [102—-X82§,4nd the hybrid-type
PBEO functionals [104-106, 165, 166]. Gradient-corredtedttionals were found to
give excitation wavelengths up to 100 nm too large with respe hybrid-type func-
tionals, whereas the latter give a somewhat qualitativehsistent picture. However,
using PBEO the [Ugsha(OH);]* and [UG,bha(OH);]* absorption maxima were
calculated at 396 and 342 nm, whereas the experimental@lmsomaxima are at 402
and 401 nm, respectively. Thus, there appears to be no sytiteimnctional depen-
dency in quantitative terms.

3.1.9.3 1:2 Complexes

In the following molecular structures, relative stabé#j and excitation spectra of the
1:2 complexes [UGL ] (L=sha, bha, ba) from SPP and LPP DFT/B3LYP calculations
[84] will be compared to experimental data [84,126,127ptdor [UO,ba], because
this complex is not observed experimentally.
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Figure 3.11: Calculated TD-DFT spectra for the [O,0]- and [N]<hode
[UO,sha(OH);]"™ and [UGbha(OH);]" systems in comparison
to experimental UV-vis spectra [126] from aqueous solut@alculated
intensities were scaled to have relative intensities of fmnehe 367,
322, and 373 nm excitations, respectively.
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Table 3.20:Bond lengthsR, (in A), anglesZ (in deg), and binding energies (in
kJ mol!) for the complexes [UGL,] (L=sha, bha, ba) and the bare uranyl
ion UO™ from SPP and LPP DFT/B3LYP gas phase calculations com-
pared to EXAFS bond length3.., (U-0,x) [84] and experimental stabil-
ity constantdg (5 [126].

[UO,sha] [UO,bha] [UO;ba)] uoz*
SPP LPP SPP LPP  SPP LPP  SPP
R.(U-0,,) 1.782 1.734 1781 1.732 1.770 1720 1.698
1.782 1734 1781 1.732 1770 1.720  1.698

Rexp.(U—O,,0)° 1.78 1.77 1.77

R(U-Oca1,)? 2417 2379 2423 2386 2391  2.366

2.416 2.379 2423 2386 2391 2.366
R.(U-ON) 2322 2310 2.324 2312 2.391 2.366

2323 2310 2.324 2312 2.391 2.366
/0,~U-0,, 180.0 180.0 180.0 180.0 180.0 180.0  180.0
/Oca,—U-ON' 66.7 67.3 66.8 67.4 548 554

66.7 67.3 668 674 548 554
E 2393 2412 2361 2379 2242 2259
lg 3 30 15.25

2Composition of the EXAFS samples: sha76% [UO,sha], 12% [UO,shal", 12% UG "; bha :
90% [UO;bha)], 8% [UO:bhal", 2% UG T; UO3*: 100% UG .

®Ocarp. is the oxygen atom of the carbonyl group.

“In the case of ba the coordinating oxygen atom denoted as ON corresponde toriinal hydroxyl

group.
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Molecular Structures In Table 3.20 calculated gas phase bond lengths and angles
for [UO,L,] (L=sha, bha, ba) and U are listed. Analogous to the 1:1 complexes the
U-O,, bond lengths are increased, if the bare uranyl is complekédle the experi-
mental U-Q, bond length for U®" is underestimated by 0.07 A, the corresponding
bond lengths in the complexes are slightly overestimateat lnyost 0.01 A and under-
estimated by ca. 0.05 A for the SPP and LPP, respectivel\sdsimaller deviations are
due to the fact that for the complexes only one equatoriahliband for the bare uranyl
ion five equatorial ligands are missing compared to the pemtadinated experimental
uranyl unit. Again for the U-Q bond lengths the comparison to the experimental val-
ues is not significant, because the complexes are only tgtthrot penta-coordinated.
The U-Q, bond lengths of the hydroxamate systems i) and [UO,bha)] differ
only slightly by at most 0.007 A. Those for the [Ug,] complex, however, are by
up to 0.069 A longer compared to the UgQlistances of the hydroxamate systems.
In contrast to the 1:1 complexes the O—U—-O unit is always datonbe linear, which

is probably due to the symmetry, i.e. while the 1:1 compléda@seC; symmetry, the
investigated 1:2 complexes hage symmetry. The 1:2 complexes wifty symmetry,
where the nitrogen atoms of the ligands are located on the s#fe, have also bent
O-U-0 units analogous to the 1:1 complexes (cf. Table C.8).

The LPP gas phase bond lengths and angles are in good agteeithethe SPP data,
i.e. the deviations amount at most +®.050 (2.8%),—0.038 A (1.6%), and+0.6°
(1.1%) for R.(U-0O,x), R.(U-O.,), and bond angles, respectively. The differences
between the U-Q bond lengths are comparable to the deviation of 0.050 A (3.0%
found for the DFT/B3LYP calculation of the bare uranyl ioh @ect. 3.1.8.2).

Table 3.21 shows the calculated structure parametersdardimplexes [UGL,OH,]
(L=sha, bha, ba) as well as for the solvated uranyl ion {{@iH,);]**. For SPP cal-
culations an increase of the mean Uz®ond lengths by about 0.031 A is observed,
if the solvated uranyl ion is complexed. However, for LPPcakdtions a decrease
of these bond lengths by ca.0.016 A is found. This is in cehti@mthe experiments,
which rather show a bond length increase analogous to the&dRRs. Consequently,
for [UO,L,OH,] the experimental U-Q distances are by ca.0.01 A over- and by at
most 0.04 A underestimated by SPP and LPP calculationsectiggly. The mean
U-Q., bond lengths always overestimate the experimental valpes imost 0.05 and
0.08 A for [UO,L,OH,] and [UO,(OH,);5]**, respectively. This overestimation is most
likely connected with the shortcomings of the applied I&/eblvation model and the
DFT/B3LYP method [158]. In contrast to the gas phase strestthe mean U-Q
distances differ only slightly for all complexes, i.e. thevéhtions amount at most to
0.004 and 0.008 A between the sha and bha complexes and théakad ba com-
plexes, respectively. Moreover, bent O—U-O units are abtiif the solvation effects
are included. This is probably due to the fact that the corgdlesymmetry is reduced
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from C; to (.

The LPP and SPP structures including the solvation modeatkeat most by-0.049
(2.8%), —0.026 A (1.1%), and+-1.5° (2.3%) for R.(U-0O,,), R.(U-O.,), and bond
angles, respectively. Thus, the solvated structures comffie applicability of the hex-
avalent uranium LPP for these complexes.

Table 3.21:Bond lengthsR. (in A) and angles/ (in deg) for the complexes
[UO,L,0H,] (L=sha, bha, ba) and the solvated uranylion JyOH,);]**
(given as (UG"),,) from SPP and LPP DFT/B3LYP calculations includ-
ing solvation effects compared to experimental EXAFS d&8#.[ Ad-
ditionally, f orbital occupations from Mulliken populaticanalyses are
given.

[UO,shaOH,] [UO,bhaOH,] [UO.ba,OH,] (UOZH),,

SPP LPP SPP LPP  SPP  LPP SPP
R.(U-O,) 1786 1.740 1781 1.736 1.772 1.728  1.749

1.782 1734 1784 1.736 1.776 1723  1.749
R.(U-0,) 1784 1.737 1783 1736 1774 1725  1.749
Rexp.(U=0,)° 1.78 1.77 1.77
Ro(U-Ocup ) 2.454 2421 2412 2427 2386 2.372

2.402 2373 2464 2379 2438 2.455
R, (U-ON) 2325 2312 2436 2318 2.3932.362

2434 2420 2326 2427 24822418
R, (U-OH,) 2.600 2563 2.594 2.558 2554 2.518
R.(U-Q.,) 2443 2418 2447 2422 2451 2425  2.496
Rexp.(U=O4)° 2.42 2.40 2.42
/0,,-U-0, 1758 1765 176.0 1762 178.3 1784 1798
/Oca,—U-ON’ 64.9 655  65.2 66.6 542 54.1

656 664 658 657 535 547
f occ. 251 206 251 203 254 2.09

2Composition of the EXAFS samples: sha76% [UO,sha], 12% [UO,shal", 12% UG "; bha :
90% [UO,bha], 8% [UO;bha]", 2% UG T; UO3*: 100% UG™.

®Ocarp. is the oxygen atom of the carbonyl group.

In the case of ba the coordinating oxygen atom denoted as ON corresponds torihinal hydroxyl

group.

Relative Stabilities The zero-point corrected complex binding energies (cfléfab
3.20) were obtained by = E(UOT) 42 x E(L~) — E([UOsL,]) and the zero-point
energies were scaled by 0.972 [159]. Analogous to the 1:Jptexas only gas phase
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binding energies are given, because explicit hydrationexatusively considered for
the UG* fragment and not for ligands.

The binding energies show the same trend as the experingtakdlity constants, i.e.
they decrease from [UBha] via [UO,bha] to [UOsba]. While the decrease from
the sha to the bha system’s SPP binding energies only amimu82kJ mot*, that be-
tween the bha and ba systems is more than three times ladgEk{ot ). A similar
observation is made for the 1:1 complexes, i.e. the eneftgreince between the sha
and bha systems amounts to 33 kJmaind that between the bha and ba systems is
106 kI mot! (cf. Table 3.18). Thus, the complexes formed with the madahd ba
differ clearly from the hydroxamate systems.

Analogous to the molecular structures, the comparisondmti.PP and SPP binding
energies shows an excellent agreement, i.e. they differast oy 19 kJmot® cor-
responding to 0.8%. The successful application to theseplmes can be explained
by the sufficiently small deviations between LPP and SPP &fipations of at most
0.48 electrons (cf. Table 3.21). Thus, the uranyl(VI) coexpk’ structures and bind-
ing energies can also be investigated using the hexavafar uranium, whereby at
least some computational time can be saved, i.e. DFT/B3iY@tespoint calculations
for [UO,shgOH,] need 1309 and 1129 s using the SPP and LPP, respectively.

Electronic Spectra Figure 3.12 shows the calculated SPP TD-DFT spectrum for the
[UO;shaOH,] complex in comparison to the experimental UV-vis spectfa26].
The experimental spectrum shows one broad peak at 390 nnharmalculated spec-
trum shows two peaks at 328 and 395 nm. Both calculated ¢etitaare CT transi-
tions from L~ = MOs to U 5f atomic-orbital-like MOs. Since the calculatedximaum

is only set off by 5nm from the experimental one, the caldcofaseems to be in ex-
cellent agreement with the experiment.

In the case of the calculated SPP TD-DFT and experimentatrspier [UO,bhaOH,]
one peak is obtained in the 300-500 nm region (cf. Fig. 3HB8)ever, the SPP peak,
which corresponds to a UO « L~ CT excitation, is significantly blue-shifted by
54 nm or 0.52 eV with respect to the experimental absorptardb This blue-shift is
probably due to the TD-DFT method, which is known to face pepis in the descrip-
tion of CT excitations [167]. Since the [UShaOH,] and [UO,bhgaOH,] complexes
are quite similar, the agreement with the experiment in #s=©f the sha complexe is
most likely fortuitous and the TD-DFT method seems not tolitable to investigate
these complexes.

Figure 3.14 shows the TD-DFT spectra for [kEbaOH,] from SPP and LPP cal-
culations in comparison to the experimental UV~vis speutfli26]. Here, the LPP
calculation was performed without the g function, i.e. a6@&d2f)/[6s5p4d2f] ba-
sis set was used. As one can see the LPP spectrum shows onpeakevithin the
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Figure 3.12: Calculated SPP TD-DFT spectrum for the [b8DaOH,] complex in
comparison to the experimental UV-vis spectrum [126] frayuenus
solution. Calculated intensities were scaled to haveivelattensities of
one for the 328 nm excitation. The small peak at 442 nm is alibase
correction artifact and of no significance.
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Figure 3.13: Calculated SPP TD-DFT spectrum for the [LiDaOH,] complex in
comparison to the experimental UV-vis spectrum [126] frauenus
solution. Calculated intensities were scaled to haveivelattensities of
one for the 332 nm excitation.
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Figure 3.14: TD-DFT spectra for the [UgshgOH,] complex from SPP and LPP cal-
culations in comparison to the experimental UV-vis speutil26] from
agueous solution. Calculated intensities were scaledve tedative in-
tensities of one for the 308 and 328 excitations, respdygtivde small
peak at 442 nm is a baseline correction artifact and of nafszgnce.

300-500 nm region, which is located at 308 nm. However, thgkgloes not involve
aUQ" « L~ CT, buta L 7* « 7 excitation. Thus, the LPP spectrum even does
not show the experimental CT transition. This is most likelye to the fact that the
CT excitations from £ = MOs to U 5f atomic-orbital-like MOs cannot be described
by the 5f-in-core LPP, because it cannot accommodate additelectrons in the 5f
shell, which is included in the core. Although the f-part loétLPP allows for some
additional 5f occupation, it is already exhausted due tditfamd-to-metal donation of
more than 2 electrons (cf. 5f occupations in Table 3.21).
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3.2 4f-in-core Pseudopotentials for Lanthanides

In this Section the adjustment of the quasirelativisticcgpeconsistent 4f-in-core PPs
for tetravalent lanthanides [28] and of corresponding mad¢ebasis sets will be de-
scribed. Furthermore, molecular test calculations udmege PPs and basis sets as
well as using the recently published valence basis setq [fb8&rivalent 4f-in-core
PPs [17] will be discussed, in order to demonstrate the fieaasility of the PPs and
basis sets to a molecular environment.

3.2.1 Adjustment of the Pseudopotentials

The 4f-in-core PPscorresponding to tetravalent lanthanide atom&{4fn=1-3, 8, 9
for Ce—Nd, Tb, Dy) were generated analogous to the quasiistic di- (4f**!, n=0-
13 for La—Yb) and trivalent (4f n=0-14 for La—Lu) 4f-in-core PPs [17,18]. The
parameters for the tetravalent PPs are listed in Table A.3.

The 1s-4f (spherically averaged) shells are included irPfReore, while all orbitals
with main quantum number larger than four are treated eitiplic.e. 12 valence
electrons. The s-, p-, and d-PPs are composed of two Gassiah and were adjusted
by a least-squares fit to the total valence energies of 18emte states (cf. Table
A.1l). The reference data were taken from relativistic AEcgkitions using the WB
approach. Both AE WB and PP calculations were performed aitlatomic finite-
difference HF scheme [55].

In order to allow for some patrticipation of the 4f orbitalsdhemical bonding the f-
parts of the PPs are designed to describe partial occugasidhe 4f shell, which are
larger than the integral occupation number implied by thenay, i.e. 4f 17 (n=1-3,

8, 9 for Ce—Nd, Th, Dy) witl) < ¢ < 1 for tetravalent lanthanide atoms [18]. In slight
variation to the former PPs [18] and analogous to the 5fare®Ps for actinides [20],
the f-PPs consist of two types of potentiglsandV, (cf. (3.1)).

The errors in the total valence energies of finite-diffeeeH& calculations are smaller
than 0.07 and 0.21 eV (0.4%) for s-, p-, d- and f-parts, respeyg (cf. Tables A.5 and
A.9).

3.2.2 Optimization of the Valence Basis Sets

In the following the optimization of the valence basis $etsrresponding to tetrava-
lent 4f-in-core PPs [28] will be presented in two parts, fiest the generation of the

8The tetravalent 4f-in-core PPs were adjusted by M. Hillsen.
9The valence basis sets were optimized by M. Hiilsen.
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primitive and then that of the segmented contracted batisgk be given. The basis
set parameters are listed in Table B.9.

3.2.2.1 Primitive Basis Sets

The GTO valence basis sets were constructed analogouss® fiictetravalent 5f-in-
core PPs for actinides [29]. First, basis sets for use irtargalculations were created,
i.e. (4s4p3d) and (5s5p4d) basis sets were HF energy-@atihjb7] for the valence
subconfiguration L# 585p°5d'. All exponents, which became smaller than 0.15,
were fixed to this value and the remaining exponents werdireed. Furthermore,
all optimizations were carried out with the requirement tih@ ratio of exponents in
the same angular symmetry must be at least 1.5. The basis@atia the valence en-
ergies with respect to numerical finite-difference 4f-ore&LPP HF calculations [55]
are below 0.15 and 0.03 eV for (4s4p3d) and (5s5p4d), respic(ct. Table B.10).
Secondly, the valence basis sets were augmented by addiegad 8s1pld low-
exponent Gaussians yielding (6s5p4d) and (7s6p5d) pyvierstts for use in molecular
calculations. The added exponents were HF energy-optihffizg for the 585p°5dF 65
valence subconfiguration. The differences in the valeneegées with respect to nu-
merical finite-difference LPP HF calculations [55] are bel0.15 and 0.03eV for
(6s5p4d) and (7s6p5d), respectively (cf. Table B.10). IKinsets of 2f1g polariza-
tion functions were energy-optimized in CI calculationg][$or the 5d6s’ valence
subconfiguration.

Table 3.22: Contraction schemes.

Contraction Scheme

Contraction (6s5p4d) (7s6p5d)

[4s3p3d] {3111/311/211} {3211/411/311}
[5s4pad]” {21111/2111/211} {31111/2211/2111}
[6s5p4d] {211111/21111/2111}

?In the case of the (6s5p4d) basis set the VTZ contractiorsigd3d].

3.2.2.2 Contracted Basis Sets

The basis sets were contracted using different segmentgchction schemes (cf. Ta-
ble 3.22) to yield basis sets of approximately VDZ, VTZ, anQZX/quality for the
s and p symmetries. In the case of d symmetry at least a gike-contraction was
necessary and additional sets with a less tight d contraetie also offered (VDZ:
[4s3p3d], VTZ: [5s4p3d], [5s4p4d], and VQZ: [6s5p4d]).
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The errors in total valence energies of thee@sl valence substates with respect to
numerical finite-difference LPP HF calculations [55] arddid in Table B.11. For the
VDZ and VTZ contractions of the (6s5p4d) basis sets thesesare below 0.21 and
0.17 eV, respectively. For the VDZ, VTZ, and VQZ contracsanf the (7s6p5d) basis
sets these errors are below 0.07, 0.05, and 0.03 eV, resggcti

3.2.3 Molecular Test Calculations

For the tetravalent 4f-in-core LPPs and correspondingnealebasis sets molecular
test calculations were performed for lanthanide tetraitiesrLnF, and cerium dioxide
CeG0;, respectively [28]. Furthermore, the recently publishalérce basis sets [168]
for trivalent 4f-in-core LPPs [17] were tested by calculgtilanthanide trifluorides
LnF; [54]. The calculations for Lnf CeG,, and Lnk will be discussed separately.
Finally, the results for Lngwill be compared to those for AnF

3.2.3.1 Lanthanide Tetrafluorides

The LPP HF and CCSD(T) calculations for LnfEn=Ce—Nd, Tb, Dy) and CeFwill
be compared to corresponding SPP state-averaged MCSQHat&ios and experi-
mental [169] as well as computational [170] data from therditure, respectively. The
results for bond lengths as well as bond energies and thobtultiken population
analyses are listed in Tables 3.23 and 3.24, respectively.

Computational Details The test calculatio8for LnF, (Ln=Ce-Nd, Tb, Dy) were
carried out with the MOLPRO program package [52] implyifjgsymmetry and using
tetravalent 4f-in-core LPPs as well as 4f-in-valence SRR§ [For F Dunning’s aug-
cc-pVQZ basis set [62, 63] was applied, and for Ln (7s6p5gi2fas5p4d2flg] and
(14s13p10d8f6Qg)/[6s6p5d4f3g] [171] valence basis set®wseed for LPP HF and
SPP state-averaged MCSCF calculations, respectivelystaheaveraging was neces-
sary to avoid symmetry-breaking at the orbital level, bseatlne program MOLPRO
is limited to theD,;, point group and subgroups. For GeFLPP CCSD(T) calculation
was performed, since for this compound an experimental lbemgth [169] is avail-
able. In the CCSD(T) calculation for F Dunning’s aug-cc-@/dasis set [62, 63] was
applied, and the F 1s orbitals were frozen.

The Ln—F bond energy for LnFwas calculated by, = [E(Ln) + 4 x E(F) —
E(LnFy)]/4, where the lanthanide atom was assumed to be in the lowestogasub-
state, i.e. 4f'5#6<. In order to calculate bond energies with respect to therexpe
imentally observed ground states of the lanthanides, thgegly proposed for the di-

10The calculations for LnFwere performed by M. Hiilsen.
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Table 3.23:Ln—F bond length. (in A) and energie®.,. (in eV) for LnF, (Ln=Ce—
Nd, Tb, Dy) from LPP HF and SPP state-averaged MCSCF calookat
For CeR LPP CCSD(T) as well as experimental [169] data are given in

italics.
R, Efpna
Ln LPP SPP LPP SPP
Ce 2.045 2.031 5.269 5.386
2.048 2.036(5) 6.715
Pr 2.033 2.017 5.236 5.291
Nd 2.021 2.005 5.219 5.222
Th 1.963 1.957 5.245 4.989
Dy 1.952 1.946 5.265 5.043

“Bond energies are not corrected to account for the expetaitgobserved ground states.
Given in italics: experimental bond length for CeF

and trivalent 4f-in-core PPs almost two decades ago [70lilshioe used (cf. Sect.
3.1.5.1). In contrast to di- and trivalent for tetravalefitrdcore PPs an energy correc-
tion using experimental energy differences is not poss#ihee for the 5¢6s’ valence
subconfiguration no experimental data are available [#1desired, correlation con-
tributions can be obtained by SPP or AE atomic calculatiofebles C.9 and C.10
summarize AE WB and AE DHF corrections, respectively.

Lanthanide Tetrafluoride Structure Due to the lanthanide contraction the Ln—F
bond lengths calculated by using LPP HF and SPP state-atMESCF decrease
continuously with increasing nuclear charge by 0.093 af8®A, respectively. The
LPP HF bond lengths are in good agreement with the SPP referdata, i.e. the
m.a.e. and m.r.e. amount to 0.012 A and 0.6%, respectivéig. aximum error is
0.016 A (0.8%). Compared to the Ce—F bond length of 2.036 A]talculated by
using an ECP (core: 1s—4d) at the HF level, the LPP HF valuedssiates only by
0.009 A corresponding to 0.4%.

If correlation is included via CCSD(T), the bond length ofFgdecomes slightly
longer by 0.003 A. The difference between the LPP CCSD(T)experimental [169]
Ce—F bond lengths amount to 0.012 A (0.6%). The deviatiohédde—F bond length
of 2.041 A from an ECP MP2 calculation [170] is 0.007 A (0.3%)hus, the LPP
CCSD(T) bond length of CeFRs also in good agreement with corresponding reference
data and confirms the reliability of the newly developed LPPs
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Lanthanide—fluorine Bond Energy While the LPP HF Ln—F bond energies (for the
lowest valence substates of the superconfigurations) $tagsaconstant4 E,,,..=
0.05eV), the SPP state-averaged MCSCF bond energies €dowlest states of the
configuration) decrease with increasing nuclear chargeshnd/ a minimum for Th
(AFE,,.,=0.40€eV), i.e. for the half-filled 4f shell. The LPP and SPR¢@nergies
show a satisfactory agreement, i.e. the m.a.e. (m.r.e.uatad®o 0.13 eV (2.6%) and
the maximum error, which occurs for Tb, is 0.26eV (5.1%). Eef, the LPP HF
bond energy is by 0.34 eV (6.9%) larger than the value obtiyd_anza and Fragala
in an ECP HF calculation (4.93eV) [170]. However, this is midsely due to the
different basis sets rather than to the different core defims (basis sets: LPP: Ce
(7s6p5d2flg)/[6s5p4d2flg], F (13s7p4d3f29)/[6s5p4dBFECP: Ce [4s4p2d2f], F
(11s6p2d)/[5s3p2d]; core: LPP: 1s—4f; ECP: 1s—4d).

As expected the inclusion of electron correlation via CCBDflearly increases the
Ce—F bond energy by 1.45eV. The LPP CCSD(T) bond energy sigrete well with
the ECP MP2 bond energy of 6.73 eV obtained by Lanza and Frgga0], i.e. the
difference amounts to 0.015 eV (0.2%).

Table 3.24: Mulliken 5s/6s, 5p, 5d, and 4f orbital populations and atoafarges (Q)
onLninLnF, (Lh=Ce-Nd, Tb, Dy) from LPP HF and SPP state-averaged
MCSCF calculations. A 58p°5#6<* ground state valence subconfigura-
tion is considered for Ln.
S p d f Q
Ln LPP SPP LPP SPP LPP SPP LIPPSPP LPP SPP
Ce 198 213 58 591 069 079 016 035 330 2.78
Pr 197 214 586 590 070 081 015 133 331 277
Nd 1.97 215 585 590 0.71 0.80 0.14 230 3.32 2.80
Tb 1.97 223 584 588 073 082 012 7.18 3.34 2.87
Dy 1.97 225 583 587 073 090 011 817 335 279

20, 1, 2, 7, and 8 electrons in the 4f shell are attributed td_#e core for Ce, Pr, Nd, Th, and Dy,
respectively.

Mulliken Orbital Populations  The Mulliken orbital populations show that the bond-
ing in LnF, is basically ionic with significant back-bonding into the bd and 4f (less
6s) orbitals. For LPP and SPP calculations this resultsangehseparations up to 0.84
and 0.72 electrons per bond and in total atomic charges af 886 and 2.87 units on
the lanthanide, respectively. The SPP 4f occupations tkevraaverage by 0.27 and at
most by 0.35 electrons from the assumed LPP 4bccupations. This demonstrates
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that the 4f orbitals participate to some extent in the Ln—Rdiog. However, the 4f-
in-core approach yields reasonable results, since the ch&arences between LPP
and SPP 4f occupations amount only to 0.13 and at most to [@d®ens, because
the f-part of the LPPs allows for some 4f occupation in additio the integral 4f*
assumption.

3.2.3.2 Cerium Dioxide

The HF and CCSD(T) calculations for Ce@sing the tetravalent LPP will be com-
pared to 4f-in-valence SPP reference data [172]. The sefultbond lengths, bond
angles, binding energies, and f orbital populations atedign Table 3.25.

Computational Details The LPP HF, LPP CCSD(T), and SPP [14] HF optimiza-
tions for CeQ were performed with MOLPRO [52] using>, symmetry. For Ce
(7s6p5d2f1g)/[6s5p4d2flg] and (14s13p10d8f6q)/[6s@fEg] [171] valence basis
sets were used for LPP and SPP calculations, respectivelyfoa O Dunning’s aug-
cc-pVQZ basis set [62,63] was applied. In the case of the QCTBEalculation the O
1s orbitals were frozen, and for O Dunning’s aug-cc-pVTZ%bast [62,63] was used.
The binding energy of CeQwas calculated by, = E(Ce)+2x E(O)—E(Ce0,),
where the cerium atom was assumed to have tte6s’ valence subconfiguration.

Hartree—Fock Results The LPP HF molecular structure for Ce@Qeviates signifi-
cantly from the SPP HF reference data, i.e. the differeneésden the Ce—-O bond
lengths and O—Ce—O bond angles amount to 0.049 A (2.7%) 4A¢R8%), respec-
tively. Compared to the SPP HF data from the literature [1A2ke deviations are
0.047 A (2.6%) and 10%(8.9%). In the case of the binding energies the deviation
between LPP and SPP data is even larger and amounts to 1.86 &%4d). The reason
for these significant discrepancies is the large deviatetwéen the LPP and SPP f
occupations, which amounts to 0.49 electrons.

The HF results using the old tetravalent LPP, which was aeljlis1 1991 to calculate
cerocene [173], deviate even more from the SPP data, i.aliffleeences are 0.102 A
(5.7%), 9.6 (8.2%), 3.09eV (27.9%), and 0.59 electrons for bond lendibhad an-
gles, binding energies, and f occupations, respectivélgse larger deviations are due
to the fact that the f-projector of the old LPP does not allowdny 4f participation

(V =V, in (3.1)). Therefore the f occupation is very small (0.0&#tens) and corre-
sponds to the occupation of the 5f, 6f, ... shells.

If a V, instead of aV; potential is used as f-projector for the new LPP, the results
become very similar to those using the old LPP, and the ranwaideviations can
be explained by the different basis sets, i.e. the deviataomount to 0.006 A, 0°3
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Table 3.25:Ce—O bond length®, (in A), bond angleszO—Ce-O (in deg), binding
energiest,..q (in eV), and Mulliken f orbital populations for Ce@rom
LPP HF, LPP CCSD(T), and SPP HF calculations. Furthermesalts
of a HF calculation using the old tetravalent LPP [173] aslaslSPP

data [172] from the literature are given.

Method R, s E} focc.
LPP HF 1.839 107.6 9.23 0.18
LPP HF 1.782 118.4 1161 0.50
LPP HF 1.886 106.8 8.09 0.10
old LPP HF 1.892 107.1 7.98 0.08
SPP HF 1.790 116.7 11.07 0.67
SPP HF [172] 1.792 118.1 0.69
LPP CCSD(T) 1.877 104.2 15.36 0.19
LPP CCSD(T) 1.818 124.4 18.65 0.51
SPP CISD+Q [172] 1.804 118.8

SPP ACPF [172] 1.838 117.6

2“Experimental bond angleO—-Ce-0=146-2 [174].

®Binding energies are not corrected to account for the expanially observed ground states.

¢LPP HF calculation using a (7s6p5d3f1g)/[6s5p4d3flg]dast for Ce, where the 3f basis functions
were HF optimized for £4685p°6<%.

ILPP HF calculation using ¥ potential as f-projector.

0.11eV, and 0.02 electrons. Thus, the use of a f-projectbiciwadmits some 4f oc-
cupation, is important especially for Ce, where the 4f sisellnoccupied. However,
with increasing 4f occupation along the lanthanide selis ddditional occupation
should get less probable, wherefore the ratid/efis increased continuously byi4
with increasing 4f occupation (cf. (3.1)). The differenbetween results fov = V,
andV =V, are 0.047 A, 0.8 1.14 eV, and 0.08 electrons, respectively. The influence
of the mixing ratio ofV; andV, within (3.1) should be smaller than these deviations.
In order to improve the LPP results, it was tried to use 3fdasictions HF optimized
[52] for the valence configuration Bs’5p°6<’ instead of 2f polarization functions ClI
optimized [52] for 585p°5c#68° (exponents: 3f: 8.4453, 2.7912, 0.7481; 2f: 0.9916,
0.3239). The new results are in good agreement with the SP&aktt; i.e. the devi-
ations amount to 0.008 A (0.4%), 2.71.5%), 0.54 eV (4.9%), and 0.17 electrons, re-
spectively. Moreover, the molecular energy E(Ge® reduced by 2.39 e\V\{187.975
vs. —187.887 a.u.), which shows that the modified basis set pagf@learly better.
The reason for this better performance is probably that th®8is functions are not
as diffuse as the 2f polarization functions and therefol@wafor more additional 4f
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occupation. If the 3f basis functions are applied for GéRe deviations from the SPP
bond length, bond energy, and f occupation are slightlyeceduo 0.004 A, 0.09eV,
and 0.17 electrons, respectively (deviations for 2f: 0818.12 eV, 0.19 electrons).
Furthermore, the molecular energy E(Cels reduced by 0.82 eV—-{436.365 vs.
—436.335a.u.).

In the case of the other lanthanides Pr, Nd, Tb, and Dy f exptsriéF optimized [52]
for 4f2585p°68° amount at most to 0.3140 and are thus more diffuse than thiaf-po
ization functions, where the smallest exponent is 0.327is |8 most likely due to
the admixture of thé/, potential in the f-PP (cf. (3.1)), which does not allow for an
additional 4f occupation. For these elements LPP HF cdiouis for LnF, using the
3f basis functions give by 0.17-0.26 eV higher molecularges E(Lnk) indicating
that these basis sets are not as good as the 2f polarizatiotidns. Furthermore, the
deviations between LPP and SPP bond lengths are increéseel 3f basis functions
are used (Pr 0.024 vs. 0.016, Nd 0.022 vs. 0.015, Tb 0.010.0860Dy 0.010 vs.
0.007 A). Thus, in the case of these elements the 2f pol@aizéunctions should be
used. However, if the 3f basis functions are used for,Gefel the 2f polarization func-
tions are used for Pr, Nd, Th, and Dy, the bond lengths shoveglar variation with
increasing nuclear charge, but a skip of 0.007 A between @e# Prk (Ce 2.026, Pr
2.033,Nd 2.021, Th 1.963, Dy 1.952 A).

Coupled Cluster Results If CCSD(T) instead of HF calculations are carried out us-
ing the 2f polarization functions, the Ce—O bond length wéased by 0.038 A, the
O—Ce-0 bond angle is decreased by 3tHe binding energy is increased by 6.13 eV,
and the f occupation stays almost constakt ¢cc.=0.01 electrons). The deviations
from SPP structures determined by the CISD method incluttiegorrection formula
proposed by Langhoff and Davidson (CISD+Q) and by the ACPEhate[172] are
quite large and amount to 0.073 (4.0%) and 0.039A (2.1%) ahé (12.3%) and
13.# (11.4%) for bond lengths and angles, respectively. Theadiew from the ex-
perimental bond angle of 14&° [174] is even larger and amounts t0°49%).
However, this deviation can partly be explained by the faat the experimental value
determined based on the infrared spectrum of C@@n Ar matrix does not include
corrections for anharmonicity effects (estimated to redine bond angle by 5-1p
and the influence of the matrix on the bond angle.

Using the 3f basis functions instead of the 2f polarizationctions yields clearly
smaller differences from SPP CISD+Q and ACPF data [172heetvely, i.e. the
deviations are reduced to 0.014 (0.8%) and 0.020 A (1.1%)5a61¢4.7%) and 68
(5.8%) for bond lengths and angles, respectively. Compiaréae experimental bond
angle the deviation amounts to 2@.5%), which is by about 50% smaller than that
using the 2f polarization functions. Thus, also at the dateel level the use of the 3f
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basis functions adjusted to’88’5p°6s* shows a considerable improvement.

3.2.3.3 Lanthanide Trifluorides

The Lnk HF and CCSD(T) results calculated using 4f-in-core LPP$ jtith and
without CPPs [41] and the recently published (8s7p6d3f@ghp5d3f2g] basis sets
[168] will be compared to SPP [14] state-averaged MCSCF apérenental [175—
177] data from the literature, respectively (cf. Table$aad 3.27 for HF and CCSD(T)
results, respectively) [54]. However, the experimentairazation energies [176] were
not measured directly, but calculated from a thermocheriade, where sometimes
estimated values were used. The assumed uncertaitiy). %2 eV if all quantities are
measured (La, Pr, Nd, Gd, Er) ard).43 eV if one or more estimated values are used
(Ce, Sm, Eu, Tb—Ho, Tm-Lu).

In the case of Gd the contraction coefficients of the s basistions were modified,
because new coefficients reduce the energy éf ®g more than 1 a.u. (s coefficients:
old —0.9361, 1.3080,-0.8824; new-0.0801, 0.52775-0.9570).

Computational Details For LnF; (Lh=La—Lu) HF and CCSD(T) calculations us-
ing trivalent 4f-in-core LPPs [17] with and without CPPs [4lere carried out with
MOLPRO [52] implying C3, symmetry. The recently published (8s7p6d)/[6s5p5d]
basis sets [168] with newly optimized 3f2g polarizationdtions! were used for Ln.
These polarization functions were energy-optimized in NlB&culations. For F Dun-
ning’s aug-cc-pVQZ basis set [62, 63] was applied, and the Brhitals were frozen
at the CCSD(T) level. As comparison SPP [14] state-aver&d@8CF calculations
were performed [52] using (14s13p10d8f6g)/[6s6p5d4fagibsets [171].

For Lak; and Lul SPP CCSD(T) calculations and for Lugn AE/DKH CCSD(T)
calculatiod? were carried out [52] using's, symmetry and Dunning’s aug-cc-pVQZ
basis set for F [62, 63]. In the SPP calculations for Ln (144D818f6g)/[6s6p5d4f3g]
basis sets [171] were used and the Ln 4s, 4p, and 4d as wek &1k orbitals were
frozen. In the AE calculation for Lu a (26s22p18d14f6g)48p6d5f3g] generalized
contracted basis set was applied and the Lu 1s—-4s, 2p—4Rdadd as well as the F
1s orbitals were frozen.

1The polarization functions were optimized by J. Yang.
12The AE calculation for Lug was performed by M. Dolg.



Table 3.26:Ln—F bond lengthsk, (in A), bond angles/F-Ln—F (in deg), and ionic binding energias;,, (in eV) for LnF;
(Ln=La—Lu) from HF calculations using LPPs with and with@RPs in comparison to SPP state-averaged MCSC
and LPP HF [178] calculations. Additionally, LPP and SPPHita occupations from Mulliken population analyses
are given.

R, /ZF-Ln—F AFE;,, f occ.
Ln LPP CPP SPP [178] LPP CPP SPP [178] LPP CPP SPP LPP SPP
La 2.146 2.143 2.138 2.15 118.8 118.7 119.5 116.0 44.48 44.614.65 0.10 0.17
Ce 2132 2128 2119 213 1194 1193 1184 116.8 44.83 44.948.08 0.10 1.16
Pr 2118 2.113 2.107 2.12 119.7 119.7 1188 1174 4517 453%.43 0.09 2.15
Nd 2.105 2.098 2.096 2.11 119.9 1199 1195 1180 4550 4545.72 0.09 3.13
Pm 2.092 2085 2.086 2.09 120.0 120.0 120.0 1189 4581 46.46.00 0.09 412
Sm 2.080 2.071 2.075 2.08 120.0 120.0 120.0 119.8 46.11 46.46.28 0.09 5.11
Eu 2.067 2.057 2.065 2.06 120.0 120.0 120.0 120.0 46.42 46.A6.53 0.09 6.10
Gd 2.056 2.045 2.054 2.06 120.0 120.0 120.0 120.0 46.69 47.6%.81 0.09 7.10
Tb 2.043 2.031 2.043 2.05 120.0 120.0 120.0 120.0 47.00 47.45.06 0.09 8.09
Dy 2.032 2.018 2.032 2.03 120.0 120.0 120.0 120.0 47.29 47.80.36 0.09 9.09
Ho 2.020 2.005 2.021 2.02 120.0 120.0 120.0 120.0 4758 48.4.64 0.09 10.08
Er 2.009 1992 2010 201 120.0 120.0 120.0 120.0 47.87 48.Er.92 0.09 11.07
Tm 1.999 1980 2.000 2.00 120.0 120.0 120.0 120.0 48.14 48.88.19 0.09 12.07
Yb 1.988 1.968 1.989 1.99 120.0 120.0 120.0 120.0 4843 492846 0.09 13.06
Lu 1.984 1963 1.978 1.98 120.0 120.0 120.0 120.0 4858 494880 0.08 14.04

“LPP calculations using CPPs.
0-14 electrons in the 4f shell are attributed to the LPP cor&d—Lu, respectively.
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Lanthanide Trifluoride Structure  The LPP HF bond lengths calculated using the
new basis sets [168] overestimate the SPP bond lengths tagaviey 0.005 A (0.2%).

If CPPs are applied, the LPP bond lengths decrease by ab@l® A. Since this
decrease grows along the lanthanide serie®( La —0.003; Lu—0.021A), the
LPP+CPP values still overestimate the SPP bond length$&iédighter (La—Nd) and
underestimate them for the heavier lanthanides (Pm-Lu}ogather the CPPs in-
crease the deviations from the SPP data, i.e. the m.a.e.e(mamounts to 0.011 A
(0.5%). However, it should be noted here that the CPP motigls as well as dynamic
core-polarization, whereas the SPP state-averaged MC8&ICHations only account
for the former. The bond lengths from LPP HF calculations8]1rsing the original
(7s6p5d)/[5s4p3d] basis sets [17] also differ by about ®A@0.3%) from the SPP
data. The differences between these and the LPP HF bondhtenging the new basis
sets are negligible, i.e. they amount to ca. 0.003 A (0.1%j)clwis in agreement with
the finding of other authors for Dy¢C[179], where the original basis set also gives by
0.001-0.003 A longer bond lengths than the new one.

The planarity or non-planarity of Lnfhas been the subject of some controversy. How-
ever, both experimental and theoretical evidence poifttcstructures for the major-
ity of LnF3 [175, 178, 180]. Here, the LPP HF and SPP state-averaged MCSIC
culations yieldC;, symmetry only in the beginning of the lanthanide series, fioe
LaF;—NdF; (four elements) and PmFLUFR; (11 elementsy’s, and D3, symmetry is
obtained, respectively. The differences between the LEIFS&® bond angles are quite
small, i.e. the m.a.e. and m.r.e. are°Gahd 0.2%, respectively. The application of
CPPs has nearly no effeck¢/,,,..=0.05 (0.04%)), wherefore the differences between
LPP+CPP and SPP bond angles are the same as those of purelbePmnd angles
of the former LPP HF calculations [178] using the originasisasets deviate slightly
more from the SPP results, i.e. the m.a.e. (m.r.e.) amoariist (0.5%). Here(s,
symmetry is found for Lal—SmF; (six elements). Analogous to the bond lengths, the
deviations between these former and the LPP HF bond anglegthe new basis sets
are very small, i.e. the differences are on average (@.6%).

If correlation effects are included via CCSD(T), the LPP Hind lengths are short-
ened by 0.008 A (0.4%). The differences from the experinidraad lengths [175]
are quite small, i.e. the m.a.e. (m.r.e.) amounts to 0.007.3%). The use of CPPs
at the CCSD(T) level shows a smaller bond length contradtian for the LPP HF
calculations, i.e. the reduction is 0.008 (0.4%) instead.61.2 A (0.6%). Analogous
to the LPP CCSD(T) An—F bond lengths (cf. Sect. 3.1.5.6)ré¢lason for this smaller
contraction is most likely the increased F—F repulsion dueé bond length reduction
by the consideration of valence correlation effects. THusjmprovement of the LPP
CCSD(T) results by using CPPs is only ca.0.002 A (0.1%),the.m.a.e. (m.r.e.) of
the LPP+CPP CCSD(T) bond lengths amounts to 0.005 A (0.2%#. bbnd lengths
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from former LPP calculations using the original basis seis$ &P2 [178] differ by
ca.0.013 A (0.7%) from the experimental values. Thus, tliesgations are slightly
larger than those of the LPP CCSD(T) results. However, watjard to the differ-
ent methods and basis sets the deviations between the LPRaMPCSD(T) bond
lengths are quite small, i.e. they amount at most to 0.017.8%0. For Lak and
LuF; the deviations of the LPP CCSD(T) bond lengths from AE DFTER#ptimiza-
tions using ZORA [181] are also quite small, i.e. the La—F BadF bond lengths are
overestimated by 0.022 (1.0%) and 0.013 A (0.7%), respagtilAE bond lengths:
LaF; 2.111, Luk 1.969 A).

In the case of bond angles the inclusion of correlation &fe@ CCSD(T) results in
a decrease of about 2.81.1%). Due to this decrease, for LaH bF; (nine elements)
(5, symmetry is obtained. The mean deviation from experimefgtd [175] amounts
to 10.3 (9.5%). The application of CPPs at the CCSD(T) level giveargdr bond
angle decrease compared to the HF level, i.e. the bond aagdegduced by 0.12
(0.1%). Because of this decrease, at the LPP+CPP CCSD(@l)dkso for Dyk Cj,
symmetry is obtained and the mean deviation from experiatet@ta is slightly re-
duced to 10.2(9.4%). The former LPP MP2 bond angles [178] differ evenlglig
less from the experimental data, i.e. the m.a.e. (m.r.equauts to 9.0 (8.3%). How-
ever, both LPP MP2 and CCSD(T) calculations yi€ld symmetry for the same com-
pounds (Lak—TbF;; nine elements) and deviate only by about’{(1.9%).

One reason for the large deviations (ca. 10%) between catipoal and experimental
bond angles is possibly that the experimental structuree determined according to
electron diffraction data without anharmonicity correas [175]. However, the an-
harmonicity in angle bending vibration may seriously dfféae angle parameters, i.e.
the conclusion on equilibrium molecular geometries cameatonsidered fully unam-
biguous [182]. Furthermore, the LPP CCSD(T) bond anglesad} land Luk; are in
good agreement with SPP CCSD(T) data (cf. Table 3.27),heedifferences amount
to 0.4 and 0.0for LaF; and LuF;, respectively.

Compared to the AE DFT/PBE bond angle of L§#=113.6) [181] the LPP CCSD(T)
value deviates only by 2021.9%). However, in the case of Lyfhe AE DFT bond
angle (=101.4) [181] is by more than 18smaller than the LPP CCSD(T) result, i.e.
at the AE DFT level a non-planar LyBtructure is obtained, whose bond angle is even
smaller than that of Lafr Clavaguera et al. [181] confirmed this small bond angle
by a SPP MP2 calculation using (14s13p10d8f69)/[10s8#g]4183] and cc-pVDZ
basis sets for Lu and F, respectively. This finding standemntrast to all calculations
performed here for Luf; i.e. LPP, SPP, and AE/DKH CCSD(T) optimizations [52]
using C's, symmetry yield planar structures (cf. Table 3.27). Furtihane, a planar
AE/DKH CCSD structure R.=1.966 A) was confirmed as a true energy minimum by
a numerical vibrational frequency analysis [52].
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Table 3.27:Ln—F bond lengthsk, (in A), bond angles/F-Ln—F (in deg), and atomization energiass,, (in eV) for LnF;
(Ln=La—-Lu) from CCSD(T) calculations using LPPs with andheut CPPs in comparison to experimental data
[175,176] as well as to LPP MP2 [178] and CISD+Q [184] caltiales. Additionally, LPP and LPP+CPP CCSD(T)
atomization energies corrected to account for the couletween 4f and 5d as well as for the proper description

of triply-charged ions Lii" AE,,.,;. 1.3+ (in €V) are given.
R, /F-Ln—-F AE?, AESOUPZ. L3
Lh LPP CPP Exp? [178] LPP CPP [178] LPP CPP Exp®f [184] LPP CPP
La’ 2.133 2.130 2.139 215 1158 1158 1129 20.13 20.16 19.86 18.17 20.07 20.11
Ce 2119 2116 2127 2.13 1163 116.2 113.7 20.10 20.15 20.08 18.23 19.32 19.36
Pr 2105 2101 2.091 2.12 116.5 1165 1141 1950 1955 19.08.63 18.92 18.97
Nd 2.092 2088 2.090 210 116.8 116.7 1146 19.17 19.23 19.04 17.33 1844 18.5(
Pm 2.080 2.076 2.077 209 1174 117.2 1155 19.99 20.06 19.07 19.14
Sm 2.069 2.063 2.065 208 1179 117.7 1163 17.71 1778 1730 1593 16.65 16.73
Eu 2.058 2.051 2.054 2.06 1185 118.2 1183 1651 1659 1722 1486 15.52 15.6(
Gd 2.048 2.041 2.053 206 1191 1188 117.8 19.92 20.00 19.28.16 19.24 19.33
Tb 2.037 2.029 2.030 205 119.7 1195 1191 1990 19.99 18.99 1818 19.58 19.6%
Dy 2.026 2.017 2019 204 1200 1198 1200 19.01 19.11 1735 17.25 1877 18.87
Ho 2.015 2.005 2.007 202 1200 120.0 120.0 1894 19.05 17.27.15 1866 18.76
Er 2004 1993 1997 201 1200 120.0 120.0 19.14 19.25 17.17 17.31 18.76 18.87%
Tm 1994 1982 1987 200 1200 120.0 120.0 1843 1853 17.04 1655 18.00 18.11
Yb 1984 1970 1975 199 120.0 120.0 1200 17.26 17.36 16.05 1529 1691 17.02
Lu/ 1.982 1967 1.968 1.98 120.0 120.0 120.0 20.07 20.14 18.43 18.21 20.05 20.12

<
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“Experimental/F-Ln—F (in deg): Pr 105:01.5, Gd 109.6-2.3, Ho 110.81.2 [175].

YExcept for Pm, atomization energies are given with respeitte real ground states using experimental energy coorec(cf. Table C.11).

¢LPP calculations using CPPs.

INumbers in italics represent estimated values.

¢The experimental data [176] were not measured directlycalgulated from a thermochemical cycle, where sometimi@wated values were used. The
errors are assumed to bd).22 eV for La, Pr, Nd, Gd, and Er argD.43 eV for the other lanthanides. Further experimentaleaforAF,; (in eV): Sm
17.74(9), Eu 16.48(9), Tm 17.52(9) [177].

fSPP CCSD(T): Lak.=2.121A, /F-La-F=116.2, AE,;,=20.38¢eV, LuR,.=1.962 A, /F-Lu-F=120.0, AE,,=20.19eV,

AE/DKH CCSD(T): LuR,.=1.967 A, /F-Lu-F=120.0, AE,,;=20.75¢eV.

eoT
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In order to exclude that this discrepancy is due to diffemraethods or basis sets,
a SPP MP2 optimization in GAUSSIANO3 [185] using exactly 8sne basis sets
as Clavaguera et al. [181] was performed as well. A slightip-planar structure
confirmed as a true energy minimum by a numerical vibratidregjuency analysis
was obtained, but the bond angle amounts to 119.0 and notltd°10rherefore the
recently published results from Roos et al. [186], wherel_ilig; molecule is found to
be planar (AE/DKH results: CASPTR,=1.961; DFT/B3LYP:R.=1.985A) and the
4f shell is affirmed to be essentially inert, are confirmed.

From the comparison of the LPP CCSD(T) structures to theraxeatal data [175]
one can conclude that the new basis sets yield reasonablésrespecially for bond
lengths, where the deviations are at most 0.014 A (0.7%).eb\@r, the LPP HF and
CCSD(T) results are as good as those from former LPP HF and ddR2ilations
[178], respectively, where the original (7s6p5d)/[Ss4dBakis sets [17] were applied.
In contrast to Ank (cf. Sect. 3.1.5.6), the CPPs show only at the CCSD(T) level a
slight improvement of the structures.

Atomization and lonic Binding Energy The LPP HF and SPP state-averaged MC-
SCF atomization energies for LhRE,; = E(Ln)+3 x E(F) — E(LnF;) calculated
with respect to the lanthanide atom in the lowest state ofifhgd' 6s* configuration
show rather large differences, i.e. the mean and maximuon @mount to 0.38 (2.5%)
and 0.85eV (5.7%), respectively (cf. Fig. 3.15 and Table€2L.This is due to the dif-
ferent kinds of coupling between the 4f and 5d shell. In tleead the SPP calculations
the 4f shell is treated explicitly and therefore the 5d sisatbupled in such a way that
the lowest LS-state according to Hund’s rule arising frortbdf6s’ is obtained. In
the case of the LPP calculations oAy valence substates are calculated, since the 4f
shell is included in the PP core. Thus, 4f intrashell and dfifiershell coupling is
treated in an averaged manner and the results are obtainadeimges over all states
belonging to the molecular Br 4f* (F~); and atomic Ln 4f5d'6s’ superconfigura-
tions.
In order to correct for this discrepancy, the AE WB energyedénces between the
energies, where 4fis in its lowest LS-state and the 5d electron is coupled invan-a
aged manner, and the energies of the lowest LS-states angadodHund’s rule were
determined [55]. If this energy differences are subtraftech the LPP atomization
energies, LPP HF atomization energies with respect to thedbL S-states according
to Hund’s ruleAE.,,,;. are obtained (cf. Table C.12). By this correction the meah an
maximum deviations between LPP and SPP atomization esesggeclearly reduced
t0 0.16 (1.0%) and 0.58 eV (3.6%), respectively (cf. Fig63.1

For Ce (4f5d') and Yb (4f35d') this energy correction could also be determined
more exactly by subtracting the SPP state-averaged MCS&Rizdtion energy cal-
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Figure 3.15: Atomization energie\E,; (in eV) for LnF; (Ln=La—Lu) with respect
to the valence substates'8tl'6s’ from LPP HF and SPP state-averaged
MCSCEF calculations. SPP values are given for the lowestthfs ac-
cording to Hund’s rule, while LPP values are given 1@r states, since
here the 4f shell is treated in an averaged manner.
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Figure 3.16: Atomization energie\ E,,,,,;. andAE,,; (in eV) for LnF; (Ln=La—Lu)
with respect to the lowest LS-states according to Hund&s calrespond-
ing to 4f"5d'6<’ from LPP HF and SPP state-averaged MCSCF calcula-
tions, respectively. The LPP atomization energies areected to ac-
count for the coupling between™éand 5d.
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culated with respect to the lowest LS-state according tod4urule (Ce:!G 15.18,

Yh: 3H 16.16 eV) from the atomization energy calculated with espo the averaged
energy of all possible LS-states for'afi' (n=1, 13 for Ce, Yb), namely 35 triplet and
35 singlet microstates®,*D, 3F, 3G, *H, 'P,'D, 'F, 'G, 'H; Ce: 15.88, Yb: 16.41eV).

In the first case the lowest SPP state-averaged MCSCF ene@pFoand Ybk was
used to calculate the atomization energy, while for thetatase the average of these
energies was taken. Here, the seven molecular energiesoB@d YbF correspond-
ing to theF state of 4f and 413, respectively, are not degenerate due to the ligand
field generated by the fluorine atoms. The energy correctmmnSe and Yb are 0.70
and 0.25 eV, respectively, which is in good agreement wighAR WB corrections of
0.68 and 0.31 eV. Therefore the AE WB energy values shouldjo®d approximation
for these corrections.

Since both LPPs and SPPs are only adjusted to reference watiogns of neutral
atoms and singly-charged cations [14, 17], the triply-ghdrcations may not be de-
scribed accurately. To estimate this shortcoming, firstABeNB, LPP HF, and SPP

HF energy differences between the configuratiod§3$d'6s* and 585p° of the neu-
tral lanthanides and the triply-charged cations, respelgtiwere calculated [55]. Then
the AE WB energies were subtracted from the LPP and SPP HEiesgrespectively,
to obtain the corresponding energy corrections. Althounghabtained LPP and SPP
atomization energieA L, .+ 3+ andAE,., 1,3+ show a slightly larger m.a.e. and
m.r.e. of 0.24 eV and 1.6%, respectively, the maximum dmnas reduced to 0.36 eV
and 2.3% (cf. Fig. 3.17).

In order to directly compare LPP and SPP energies, ionidignenergies defined as
AFE;,, = E(Ln*") + 3 x E(F~) — E(LnF3) were calculated. As one can see from
Fig. 3.18 the LPP HF ionic binding energies underestimageSRP values only by
about 0.14 eV (0.3%). The effect of the CPPs grows with irgirganuclear charge,
i.e. the ionic binding energies are increased by 0.12 anglé/&or LaF; and LuR,
respectively. Therefore the CPPs reduce the deviations fhe SPP data for LgF
SmFK; and increase them for EgHLuF;. Altogether, the mean deviation from the SPP
resultsis by ca. 0.2 eV larger than that using pure LPPgheam.a.e. (m.r.e.) amounts
t0 0.33 (0.7%). This is most likely due to the fact that CPR#uide static and dynamic
core-polarization effects, while the SPP state-averag€$O®F calculations only ac-
count for the former.

Since for Lnk experimental atomization energies [176,177] are avaldbl the LPP
CCSD(T) calculations atomization energies were deterdhiireorder to compare the
LPP CCSD(T) atomization energies to the experimental &ltree energies have to
be calculated with respect to the experimentally observedryl states. Therefore
for those cases, where the'88'6s* subconfiguration corresponds to an excited state,
the atomization energies were corrected to account for xperanentally observed
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Figure 3.17: Atomization energies corrected to account for the propscidgtion of
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Figure 3.18: lonic binding energies\ F;,,, (in eV) for LnF; (Lh=La—Lu) from LPP
HF calculations with and without CPPs as well as from SPPestat
averaged MCSCEF calculations.
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ground state by subtracting the energy separation takemdsgeriment [71] (cf. Ta-
ble C.11). This energy difference could also be determieagl, at the AE WB [55]
or AE DHF [44] level, whereby electron correlation conttiloms are neglected (cf.
Tables C.9 and C.10 for AE WB and DHF corrections, respelglive

At the correlated level, the LPP CCSD(T) atomization eresgi I/,,; deviate on av-
erage by 0.94 (5.4%) and 0.33 eV (1.9%) from the experimentahization energies
determined in 1975 [176] and 1981 [177], respectively. Tpyeliaation of CPPs has
a very small effect on the atomization energies, i.e. theyiacreased by at most
0.11eV (0.5%). Since in the case of the LPP CCSD(T) calaratthe atomization
energies are overestimated, the use of CPPs results irlgligbreased deviations,
i.e. the m.a.e. (m.r.e.) amount to 1.01 (5.7%) and 0.39 eXR42for the experimen-
tal atomization energies from 1975 and 1981, respectiviedymer LPP calculations
using (7s6p5d1f)/[5s4p3d1f] basis sets for Ln at the CISDev@| [184] show larger
differences to the experimental data than the LPP CCSD(€lledions, i.e. the mean
deviations are 1.00 (5.4%) and 1.47 eV (8.5%) for the expemiad atomization ener-
gies from 1975 and 1981, respectively. The LPP CCSD(T) aatioin energies are on
average by 1.83 eV (10.7%) higher than those of the LPP CIS€at€ulations. How-
ever, this deviation is not necessarily due to the diffebasis sets for Ln, but probably
results from the fact that in the older work [184] the oridifyprojector [17] not al-
lowing any 4f participation in bonding was applied. Additad smaller deviations may
result from the different core definitions and basis sets$-for the different molecular
symmetries. Moreover, the size-extensivity of the CCSDHpproach explains these
results.

Since the experimental data are overestimated by up to V.9IE25%), additional
SPP CCSD(T) calculations for Lafs well as Luk and an AE/DKH CCSD(T) cal-
culation for Luky were carried out [52] (cf. Table 3.27). The obtained SPP akd A
atomization energies are larger than the correspondingdo@dR_PP+CPP results and
thus overestimate the experimental values even more. Miatidas between LPP and
SPP atomization energies are very small, i.e. they amounh2®(1.2%) and 0.12 eV
(0.6%) for Lak and LuRs, respectively. Compared to the SPP data CPPs show an im-
provement of the pure LPP results, i.e. if CPPs are usedjffeesthces to the SPP data
are reduced to 0.22 (1.1%) and 0.05 eV (0.2%) fordakd LuF;, respectively. Com-
pared to the AE/DKH CCSD(T) atomization energy of Luke LPP and LPP+CPP
CCSD(T) results are clearly too small, i.e. the differerme®unt to 0.68 (3.3%) and
0.61eV (2.9%), respectively. These large deviations arstfileely due to the BSSE,
which tends to become larger with increasing number of eitfylitreated electrons on
the metal (LPR< SPP< AE).

Taking the BSSE into account via the counterpoise (CP) cborethe Lak atomiza-
tion energies are reduced from 20.38 to 20.20 and from 20.19.08 eV for SPP and
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LPP calculations, respectively. In the case of  tifese energies are reduced from
20.75 to 19.79, from 20.19 to 19.82, and from 20.07 to 19.8I@®\AE, SPP, and
LPP calculations, respectively. As expected the BSSE UudiRs or SPPs are clearly
smaller than that of the AE calculations, which constit@esdvantage compared to
this more rigorous method. For the CP corrected atomizatiwrgies of Laf/LuF;

the deviations between LPP and SPP values are reduced 16.028V (1.1/0.05%),
and the deviation between the LPP and AE value forlisFeduced to 0.02 eV (0.1%).
Compared to the experimental data of LARIF; from 1975 [176] the differences of
the CP corrected energies amount to+4/36,+0.34/41.39, and-0.12/4-1.38 eV for
AE, SPP, and LPP calculations, respectively.

Two possible reasons, why the experimental values are stuaiged, are the ne-
glect of SO effects and of the zero-point energy. The SOtsmi for La and Lu
can be taken from experiment [71] and amount to ca. 0.08 atled, respectively.
The zero-point energy is estimated to be 0.13eV, which spords to the value
determined by LPP MP2 calculations for Erend Tmk [187]. If these correc-
tions are added to the experimental data [176], the atoroizanergies for Laf
and Luk are 20.040.22 and 18.720.43 eV, respectively. Compared to these en-
ergies for Lak/LuF; the deviations of the CP corrected values amount tg-1-08,
+0.134-1.11, and—-0.094-1.10eV for AE, SPP, and LPP calculations, respectively.
While the computational atomization energies for }.afe within the experimental
error bars, those for LyFare still by up to 1.11eV (5.9%) too large. Since the more
rigorous SPP and AE methods are known to be reliable, thertaty of the exper-
imental data, for which estimated values had to be used mwittie thermochemical
cycle, are most likely larger than the assumed 0.43 eV.

In the case of the other lanthanide trifluorides GeFbF; aside these reasons for the
large discrepancies, the LPP atomization energies aresalsewhat too large due to
the wrong coupling between4find 5d as well as to the bad description of triply-
charged ions (cf. above). If this is taken into account uivegenergy corrections de-
termined at the HF levelXE.,,,; + 1,3+ in Table 3.27), the mean deviations compared
to the experimental values from 1975 [176] are slightly mtufrom 0.94 (5.4%) to
0.90eV (5.1%). However, compared to the experiment fronl]287] the mean dif-
ferences are increased by more than 50% from 0.33 (1.9%BtbeW. (4.9%). Two
possible reasons for the remaining deviations are the ledilon of the energy correc-
tions at the HF instead of the CCSD(T) level and the corracivith respect to the
lowest LS-states according to Hund’s rule, which do not gsy@rrespond to the low-
est experimentally observed LS-states. The AE WB correstigere calculated for
LS-states according to Hund’s rule, since some LS-statgs,*€of Pr 425d', can-
not be calculated using the program MCHF95 [55], because tisemore than one
possibility to couple, e.g., 4fand 5d to obtain’l.
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Comparison between Lnk and AnF; In Fig. 3.19 the LPP+CPP CCSD(T) bond
lengths for Lnk (Ln=La—Lu) and Ank (An=Ac-Lr) are shown. One can see that
both the Ln—F and An—F bond lengths decrease nearly lineaithyincreasing nuclear
charge by 0.16 and 0.17 A, respectively, which is due to ththknide/actinide con-
traction. Furthermore, the Ln—F and An—F bond lengths armsi parallel, whereby
the An—F distances are on average 0.05 A longer because oifiger atomic radii. In
the case of Lnk; the LPP bond lengths are in good agreement with experimdret,e

all lanthanides are found to be trivalent. Since the Ln—F AndF bond lengths are
parallel to each other, the LPP results for Tlafd Pak should also be reasonable, if
for these compounds a trivalent oxidation state would bsgire Thus, the 5f-in-core
approximation only fails for Thfand Pak due to the fact that here the assumption of
a trivalent oxidation state is not realized. However, thogginot mean that the triva-
lent LPPs for Th and Pa are inaccurate, e.g., in the case attirede(lll) mono- [20]
and polyhydrates [24], where Th and Pa are in fact trivaket] PP results for these
elements are also reliable.
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Figure 3.19: Comparison between M—F (M=Ln, An) bond lengtRs(in A) for LnF;
(Ln=La—-Lu) and Ank (An=Ac-Lr) from LPP+CPP CCSD(T) calcula-
tions. La—Lu and Ac—Lr correspond to 0-14 f electrons.

As one can see from Fig. 3.20 the LPP+CPP CCSD(T) bond arglésf; (An=Ac—
Lr) are obviously smaller than those for LhfEn=La—Lu) and amount on average to
112.0. Thus, for all Ank C3, symmetry is found, while in the case of Lqffor
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the lighter (La—Dy; ten elements) and heavier lanthanities-Lu; five elements’s,
and D3, symmetry is obtained, respectively. The reason for thestafg-Ln—F bond
angles is most likely the smaller lanthanide atomic radiie do which the F atoms
come closer together than for Anknd try to avoid each other by increasing the bond
angles. This could also explain why the bond angles becorgerlavith increasing
nuclear charge, because the higher the nuclear charge #ikesthe atomic radii.

122 I T I T I T I T I T I T I T I T
Lan —t
100 AR —X= — .
118} .
g
© 116} -
N
114} x T
X X
112 SVRNVEECS Shne ~
e s ol
110 ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ]
0 2 4 6 8 10 12 14 16

f orbital occupation

Figure 3.20: Comparison between F-M—F (M=Ln, An) bond anglégin deg) for
LnF; (Ln=La—-Lu) and Ank (An=Ac—Lr) from LPP+CPP CCSD(T) cal-
culations. La—Lu and Ac—Lr correspond to 0—14 f electrons.

The LPP+CPP CCSD(T) ionic binding energies for LiifEn=La—Lu) and Ank (An=
Ac—Lr) are presented in Fig. 3.21. The ionic binding enexginerease with increas-
ing nuclear charge and thus with decreasing bond lengths,far Lak/LuF; and
AcF;/LrF3 the ionic binding energies amount to 45.41/49.80 and 43®12¢eV, re-
spectively. Analogous to the bond lengths the ionic bingingrgies are almost paral-
lel, whereby those of Lnfare on average by 1.24 eV larger than those of Affis

is most likely due to the smaller Ln—F bond lengths accordinitpe increasing energy
with increasing nuclear charge, i.e. the smaller the métalrine distance the higher
the ionic binding energy.
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Figure 3.21: Comparison between ionic binding energiag’;,, (in eV) for Lnk;
(Ln=La—-Lu) and Ank (An=Ac-Lr) from LPP+CPP CCSD(T) calcula-
tions (Lnk values are given in Table C.13). La—Lu and Ac—Lr corre-
spond to 0-14 f electrons.
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3.3 5f-in-valence Pseudopotential for Uranium

In this Section test calculations for the recently adjust€cDHF/DCB 5f-in-valence
SPP for uranium and for the corresponding valence basisidtendescribed. First,
the adjustment of the PP and the optimization of the basiifidie given [16]. Then
test calculations for the U SO splitting and the & fine-structure spectrum [188]
will be discussed.

3.3.1 Adjustment of the Pseudopotential

The new 5f-in-valence PP corresponding to uranium treatgaB2hce electrons ex-
plicitly, while the 1s—4f shells (60 electrons) are incldde the PP core. The PP
parameters up to f symmetry were adjusted to four-compoAENMCDHF/DCB!3
Fermi nucleus reference data [44], which comprised 100retativistic configura-
tions yielding a total of 30190 J levels. The reference daa wbtained for U-U
and included a wide spectrum of occupations in the 5f, 6dafid,7p valence shells,
but also additional configurations with holes in the conafiseore orbitals 5s, 5p, 5d,
6s, and 6p as well as configurations with electrons in thef6f#®-9d, 8p—9p, and
8s-9s shells (cf. Table A.11). Since the energetic posidfahe bare inner core rel-
ative to valence states is not expected to be notably reidgachemical processes,
the fit was restricted to the chemically more significant gpetifferences between
valence states, i.e. a global shift was applied to all refegesnergies and treated as
an additional parameter to be optimized [47] (cf. Sect.6).1The weights in (2.31)
were chosen to be equal for all J levels arising from a noatikés$tic configuration and
all non-relativistic configurations were assigned to hayea¢ weights. The g-part of
the PP was adjusted to the eight energetically loweést [Kr]4d'°4f“ng' (n=5-12)
configurations. The PP parameters of the two-componentéoatogous to (2.25) are
listed in Table A.12. The scalar-relativistic one-compatrees well as the SO potential
may be derived using (2.28) and (2.29), respectively.

The adjustment of the s-, p-, d-, and f-parts shows mean sqgraors of 16.1 and
306.3 cnt! for configurations (cf. Fig. 3.22) and J levels (cf. Fig. 3,28spectively.
The maximum absolute error amounts to 0.267 eV and is founthé&1218th J level
of U [Rn]5f*7s' 7p'. The g-part can be considered as exact, i.e. the m.a.e. @ight
configurations amounts to 0.3 cicorresponding to 0.00004 eV.

13The Breit interaction was included perturbatively.
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Figure 3.22: Errors in total valence energies (in eV) of 100 non-relatigiconfigura-
tions for the MCDHF/DCB SPP for uranium [188]. The configioas
U+ 5f! and U+ 5f2 considered in the test calculations (cf. Sect. 3.3.3)
are marked by filled diamonds.

3.3.2 Optimization of the Valence Basis set

The basis set optimization comprised four steps [16]. F(ists11p8d8f) primitive
Gaussians were HF energy-optimized [57] for the U [Rt]5F°1 state. Secondly, two
diffuse d and p functions were HF energy-optimized [57] fdR1]5f36d' 7s’ °L. and U
[Rn]5f37°7p! °K, respectively. Thirdly, the atomic natural orbital (ANQ)ntraction
coefficients for the resulting (14s13p10d8f)/[6s6p5d4f] were obtained from aver-
aged density matrices for the lowest LS-states of U [Rigj#f7s’ and U [Rn]5f7¢
[52]. In the case of U [Rn]3f7< it was possible to perform a CASSCF calculation
with a subsequent MRCI calculation (5s, 5p, and 5d shellevirezen), whereas U
[Rn]5f36d! 7S’ could only be treated at the CASSCF level. Finally, six g eus
were chosen identically to the six largest f exponents aneh&iglized ANO contrac-
tion was derived for U [Rn]5f7<’ yielding the final (14s13p10d8f6g)/[6s6p5d4f3g] set
of roughly pvVQZ quality. The basis set parameters are cadpii Table B.12.
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Figure 3.23: Percentage (%) of the J levels with errors in the total vadesmergy be-
low the threshold (in eV) indicated on the abscissa for theEME/DCB
SPP for uranium [188]. The 15 J levels considered in the tdstiations
(cf. Sect. 3.3.3) are marked by a dashed line.

3.3.3 Atomic Test Calculations on Ut and U**+

In order to further test the MCDHF/DCB SPP for uranium, it egplied to calculate
the SO splitting of U* (5f! subconfiguration) and the fine-structure spectrum bf U
(5% subconfiguration) [188] using a two-step Cl approach idatio that used by
Danilo et al. [189], i.e. a dressed effective Hamiltonialatigistic spin—orbit config-
uration interaction (SO-CI) scheme. These benchmark systeere chosen, because
experimental [190-192] as well as computational [189, 198} reference data are
available.

The study covers only 2% of the configurations and 0.04% oftlesels of the refer-
ence data used in the PP adjustment, and thus the appliecblydigsmeans tuned to
describe these cases especially well. Figures 3.22 andGr@fharize the accuracy of
the fit for the 100 configurations and 30190 J levels, respalptiThe data for the &
5f and U' 5f2 configurations considered here are marked specificallydseiplots.
It is obvious that the PP fit was not more accurate for theseages than for the other
configurations used in the reference data. Thus, the quudlitye results obtained here
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should be representative of what could be obtained for atbefigurations, provided
such large-scale calculations as presented herefos8 and Ut 5f2 become gen-
erally feasible.

Electron correlation will be treated using the MRCI methoihwand without the
Davidson size-extensivity correction (DaC) and with diffiet frozen-orbital spaces.
The best choice of the SO-CI configuration space is invegtija the case of thed
SO splitting. In addition results of intermediate HamillmmFock-space coupled clus-
ter (IH-FSCC) PP calculations using the approach of Kaldar@workers [197,198]
will be reported.

3.3.3.1 Computational Details

Ut has only one 5f electron with a SO fréE ground state. Since at the SO free
level of the calculation only one reference state is presyntamic correlation can-
not be included via an effective Hamiltonian dressing pdoce. The orbital basis
was obtained from a CASSCF calculation using the MCDHF/D®BaRd the corre-
sponding (14s13p10d8f6g)/[6s6p5d4f3g] basis setloim MOLCAS [199] and the
SO splitting between th&'; , ground and théF;, excited state was calculated at the
MCDHF/DCB PP SO-CI level using the EPCISO program [200]. tdev to deter-
mine the best choice of the SO-CI configuration space, fifergifit calculations were
performed: diagonalizing the reference only (no singlatakions, No S), adding sin-
gle excitations from the 5f orbitals (S-f), adding singleiations from the 5d and 5f
orbitals (S-df), adding single excitations from the 6p ahdrbitals (S-pf), and includ-
ing all single excitations from the 6p, 5d, and 5f orbitalga#). Note that for an atom
single excitations from s shells do not contribute.

All possible LS-states of H (5f> subconfiguration) were calculated at the state-
averaged CASSCF/MRCI level [52] with and without DaC usihg MCDHF/DCB
PP and the corresponding (14s13p10d8f6g)/[6s6p5d4f3g} st (G, 'D, I, 1S,
3H, 3F, 3P). As comparison the same calculations were also perforraied) the old
5f-in-valence WB PP [15] and its corresponding (14s13p18gi36s6p5d4f3g] basis
set [21]. Two different kinds of frozen-orbital spaces wased, i.e. while the 6s and
6p orbitals were always correlated, the 5s, 5p, and 5d dsbitare either frozen or
correlated.

In the SO-CI calculation [200] of & all 91 determinants generated by distributing
two electrons in the 5f shell were included. The orbital bagas obtained from a
MCDHF/DCB PP CASSCF calculation [199] on the triplet staiBg**, where the or-
bitals were simultaneously optimized for all states. Ths(Bp10d8f69)/[6s6p5d4f3g]
basis set corresponding to the PP was used and as configuspfice the reference
including all single excitations from the 6p, 5d, and 5f ¢aits (S-pdf) was chosen,
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because it gave the best results for the 13O splitting (cf. Sect. 3.3.3.2). The lack-
ing dynamic correlation was included via a dressed effedttamiltonian approach
defined by the projection of the correlated SO free PP CASEBEE! energies onto
the SO-CI space [200, 201]. SO integrals were calculatel thié semi-local rela-
tivistic effective SO operators corresponding to the MCIBIEB PP. As compari-
son analogous calculations were carried out using the oldR®PH15] and its cor-
responding effective SO operators designed for variaticalgulations [21] and the
(14s13p10d8f6Q)/[6s6p5d4f3g] basis set [21].

In addition to the SO-CI calculations IH-FSCC PP calculatiasing the approach of
Kaldor and coworkers at the AE DHF/DCB level [193,196-198}&vperformed. The
basis set ranged from the (14s13p10d8f6g)/[6s6p5d4fagpsird basis set to subsets
of a (16s15p12d10f8g7h7i) uncontracted set obtained franfidrmer primitive set by
adding diffuse and higher angular momentum functions. Tuti@n of further s to i
functions to this set changes the fine-structure splittofds®* and U* by less than
1cmrt. All explicitly treated electrons were correlated and &doons in all virtual or-
bitals were allowed. The primary model space consistedebth6d, and 7s orbitals,
whereas the intermediate model space comprised the 6fd88d7 8s—10s, 7p—10p,
5g-69 orbitals, i.e. all orbitals with negative energy floe standard contracted basis
set in the Ut reference system were included in the model spaces. Althtarger
intermediate spaces were not feasible due to the curretiviaae, almost identical re-
sults are obtained for an intermediate space reduced byrbitaldor s to g symmetry,
i.e. the Ut and Ut fine-structure splittings show mean average deviationsanfdl
10cnm!, respectively. Thus, the results presented here shoulchamige significantly
upon further increasing the intermediate space.

3.3.3.2 U Spin-orbit Splitting

The SO splittings from SO-CI calculations with differenfid@ions of the configura-
tion space and IH-FSCC calculations with different basis ssing the MCDHF/DCB
PP are listed in Table 3.28. In accordance with Hund’s rilesground state of U

is ?F5/2. The experimental excitation energy for tHg;,, to *F;/, excitation or the
experimental SO splitting amounts to 7609¢nfil 90]. The up to now best theoretical
value is 7598 cm! and deviates only by-11 cnt! from the experiment. It was cal-
culated by Infante et al. [193] using an AE DCB extrapolatdeFHSCC (XIH-FSCC)
method [202].

AE/DKH SO-CI calculations by Danilo et al. [189] using the AW(atomic mean-
field integral) code [203] implemented in MOLCAS [199] to eehine the SO inte-
grals are also available for comparison. Analogous to tl$€3€Cl calculations five
different configuration spaces were used, in order to findteibest choice, i.e. no
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single excitations (No S), single excitations from 5f (Sdingle excitations from 6p
and 5f (S-pf), single excitations from 5d and 5f (S-df), aimke excitations from
6p, 5d, and 5f (S-pdf). For all configuration spaces the PBlteare in a range of
105-194 cm! smaller than the AE/DKH results. However, these deviat@mesnot
only due to the PP approach, but are also connected with tieeedit basis sets (AE
(26s23p17d13f5g)/[10s9p7d5f3g], PP (14s13p10d8feshfp6d4f3g]) and relativistic
treatments (AE/DKH, PP DCB). Although both basis sets aipZ quality, the AE
set is based on CASPT2 ANOs and the PP set on CASSCF/MRCI ARNGOke AE
MCDHF level, using a Fermi nucleus, the results for the DC B@B Hamiltonians
are 7394 and 7083 cm, respectively [44]. The energy difference of 311cnex-
plains in part why also at the correlated level the PP regultsleling DCB) are lower
than the DKH results (modeling DC). However, one also haake tnto account that
in the PP fit the total valence energy6%, is by 23 cn1* too low, whereas the one of
°F; /2 is by 50 cnT* too high, resulting in an overestimation of the splittinga8cnt*

at this level of theory. The sum of these counteracting douions suggests that the
PP DCB splitting has to be by about 200chiower than the AE/DKH value.

In accordance with the AE/DKH calculations [189] the snmetllerrors with respect to
the experimental value occur using either no single exoitator including all single
excitations from the doubly occupied orbitals in the nedenee region, i.e. from 6p,
5d, and 5f (error: No S 219, S-pdf 183 ch(2.4%)). Due to the implicit inclusion
of the Breit interaction the PP results deviate even shgletis from the experimental
value than the AE/DKH results (error: No S 413, S-pdf 297 £r(8.9%)). On the
basis of these findings the S-pdf configuration space was tasealculate the ¢~
fine-structure spectrum.

The best PP results were obtained with the IH-FSCC apprda€hldor and cowork-
ers [197,198], i.e. splittings of 7609 and 7611 cnfor the standard (14s13p10d8f6g)/
[6s6p5d4f3g] and a (16s15p12d10f8g7h7i) uncontracterd sas respectively. These
excellent results are certainly somehow fortuitous, stheemean square error of the
PP fit to the AE MCDHF/DCB reference data is 306¢nfor 30190 J levels arising
from 100 configurations of U to U. On the other hand the number is quite stable with
respect to changes of the basis set, i.e. one obtains 75785@7ctnt ' for the un-
contracted subsets of (16s15p12d10f8g7h7i) containihgumto g and h functions,
respectively.

Finally, results obtained with the older WB PP [15] shoulddiscussed. For this PP
two valence SO-terms acting on 5f, 6d, 7p, and higher ogbitkthese angular mo-
menta were published [21], i.e. one for use in first-ordetysbation theory, the other
one for use in valence variational or large-scale valenceC&@alculations. At the
variational and perturbative finite-difference level [4d¢se operators lead fortito
SO splittings of 6379 and 6590 crh respectively. Using the variational operator the
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Table 3.28:SO splittingsAE(SO) (in cnt!) of the 2F ground state of &F from
SO-ClI calculations using the MCDHF/DCB PP and the AE/DKH+RAM
method [189] as well as from MCDHF/DCB PP IH-FSCC calculasian
comparison to experimental data [190] and AE DCB XIH-FSC@3|Ire-
sults. A(exp) are deviations of the theoretical values from the arpsn-
tal result andA(AE/PP) are deviations between the AE DCB XIH-FSCC
or AE/DKH and MCDHF/DCB PP results.

Method' AE(SO) A(AE/PP) A(exp)
EXxp. 7609

DCB XIH-FSCC 7598 13 -11
DCB PP IH-FSCC spdfghi 7611 2
DCB PP IH-FSCC std. 7609 0
DCB PP No S 7828 194 219
AE/DKH No S 8022 413
DCB PP S-f 7868 180 259
AE/DKH S-f 8048 439
DCB PP S-pf 8407 189 798
AE/DKH S-pf 8596 987
DCB PP S-df 7213 105 —396
AE/DKH S-df 7318 —-291
DCB PP S-pdf 7792 114 183
AE/DKH S-pdf 7906 297

Basis sets: PP std.: (14s13p10d8f6g)/[6s6p5d4f3g], sidft6s15p12d10f8g7h7i);

AE/DKH (26s23p17d13f59)/[10s9p7d5f3g]; AE DCB XIH-FSCE7632p24d21f12g10h9i).
eDifferent definitions of the configuration space: diagoretiion of the reference only (No S), adding
single excitations from 5f (S-f), adding single excitasdrom 5d and 5f (S-df), adding single
excitations from 6p and 5f (S-pf), and including all singkeigations from 6p, 5d, and 5f (S-pdf).

valence SO-CI (S-f) leads to a value of 6374 cimdemonstrating that the orbital re-
laxation under the SO-term is very well recovered by thelsiegcitations. However,
compared to the experimental value of 7609¢rthese SO splittings are by about
15% too small. The reason for this are missing correlatiarirgautions in the SO-CI
(S-f) and probably frozen-core errors. Note that these &4, as the WB PP itself,
were adjusted to U and Uto reproduce MCDHF splittings arising from the 5f, 6d,
and 7p shells and only configurations with a 5f occupationvofto four were consid-
ered. For Ut a SO splitting of 7083 cm' is obtained at the AE MCDHF/DCB Fermi
nucleus level, i.e. a value by 526 cinsmaller than the experimental value results
from neglecting electron correlation effects. In conttaghis the new MCDHF/DCB
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PP tested here was adjusted also to dnd allows a variational or large-scale SO-CI
treatment for all orbitals treated explicitly, thus expiaig the better results.

3.3.3.3 U Fine-structure Spectrum

In this Section first the SO free correlated energies usieghdtw MCDHF/DCB PP
for U+ with 52 valence subconfiguration will be discussed in comparisaNBPP
and AE/DKH [189] calculations (cf. Table 3.29). Next the Sif2et will be taken into
account and the results will be compared to WB PP calculataanwell as to exper-
imental [191, 192] and computational [189, 193—-195] dadanfthe literature (cf. Ta-
bles 3.30 and 3.31).

Spin—orbit Free Calculations At the SO free level the ground state of'tUwith 52
valence subconfiguration #1 as expected by Hund's rules. The MCDHF/DCB PP
MRCI method with and without size-extensivity correctiddaC) was used in con-
nection with different frozen-orbital spaces, i.e. 5s, &pd 5d were either frozen or
correlated. First, the effect of the DaC and then that of theen-orbital space each
with respect to the AE/DKH calculations [189] will be dissesl. Finally, the new
MCDHF/DCB PP will be compared to the old WB PP.

The MRCI method yields always higher energy levels than tiRW-DaC method.
Especially the'S state is influenced by the size-extensivity correctiam, it is low-
ered by 2112 and 3080 crhfor 5s, 5p, and 5d frozen and correlated, respectively. For
the other states the deviations are smaller than 1900.c8ompared to the AE/DKH
data the calculation at the MRCI+DaC level shows bettereageat, i.e. if 5s, 5p,
and 5d are correlated, the m.a.e. for all energy levels atto83 and 179 cm' for
MRCI and MRCI+DaC, respectively. Here, the definition of thea.e. from Danilo
et al. [189] and Infante et al. [193] was used, i.e. the sunhefabsolute deviations
between the PP and AE/DKH energies was divided by the numhbearely six, of ex-
cited levels. However, one should rather use the term mesolk deviation (m.a.d.)
instead of m.a.e., since in contrast to the new PP the AE/D&lELtations do not in-
clude the Breit interaction and therefore the differenaeaat only result from the PP
approach.

The different frozen-orbital spaces influence the energgléeby at most 1862 cm.
Atthe MRCI level the'S state is shifted the most (1862 thy while at the MRCI+DaC
level the!l as well as the'S states are displaced by similar amounts, but in different
directions, i.e. thél state is lowered by 994 cm and the'S state is increased by
894 cnt!, respectively. At the MRCI+DaC level the PP results with &, and 5d
correlated agree much better with the AE/DKH results (m.4.89 cnt!) than with
5s, 5p, and 5d frozen (m.a.d. 520chh However, while in the latter case the AE and



Table 3.29: Energy levels with respect to the lowest energy lIé¥e({in cm~!) of U** with 5f2 valence subconfiguration computed

at the SO free level using the MCDHF/DCB PP in MRCI calculasiovith and without DaC and two different frozen-
orbital spaces, i.e. 5s, 5p, and 5d either (1) frozen or (Betated. As comparison WB PP MRCI+DaC as well as
AE/DKH MRCI(+DaC) results [189] and mean absolute deviasiém.a.d.) between the AE/DKH and the PP data
are given.

MRCI MRCI+DaC

1) (2) 1) (2)
State DCB DCB* AE? DCB* WB¢ AE DCB* WB¢ AE?
SH 0 0 0 0 0 0 0 0 0
3F 3319 3488 3441 3050 3149 2887 3078 3151 3040
el 4971 5407 5173 4828 4970 4728 5227 5372 4994
'D 12296 12727 12260 11355 11693 10806 11312 11611 1126 );OU
3p 16204 16480 16325 14941 15341 14256 14588 14946 14495%
T 17550 17013 16713 16953 17440 16296 15959 16380 1576‘2);>
S 38458 40320 39822 36346 37430 35383 37240 38297 3678 )g
m.a.d. 283 520 944 179 571

Basis sets: PP (14s13p10d8f6g)/[6s6p5d4f3g]; AE (26s28p3f5g)/[10s9p7d5f3Q].
*MCDHF/DCB PP calculations.

b1s—5p orbitals were frozen.

“‘WB PP calculations.
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PP correlation spaces are exactly the same, they differdaeffr 5s and 5p shells at
the AE level in the former case. The PP results obtained vatarl 5p frozen exhibit
am.a.d. of 514 cm' to the corresponding AE values. For the PP SO-CI calculation
reported below only the term energies with either 5s, 5p,5hftozen or correlated
were considered.

If the old WB PP is used, the energy levels are always higteer those using the new
MCDHF/DCB PP, whereby the increase grows from¥réo 'S state, where it reaches
more than 1000 cm. Since the new PP already overestimates the AE/DKH energy
levels, the m.a.d. are clearly larger using the old WB irgtdahe new MCDHF/DCB
PP, i.e. the m.a.d. at the MRCI+DaC level using the new/olcdfBunt to 520/944
and 179/571 cm' for 5s, 5p, and 5d frozen and correlated, respectively.

Spin—orbit Calculations Table 3.30 shows the results fof Uobtained at the SO-CI
level by dressing the effective Hamiltonian matrix with MR€DaC) correlated ener-
gies for the LS-states calculated using both the new MCDIIBR&nd old WB PP and
two different frozen-orbital spaces. For comparison tsseflcorresponding AE/DKH
MRCI+DaC dressed effective Hamiltonian SO-CI calculasitay Danilo et al. [189]
are listed. The values included here are not the best rdsoiitsthis work (cf. Table
3.31), but merely those for which the correlation space &t ko the listed PP calcu-
lations. The second column of Table 3.30 presents infoonain the main SO free
states contributing to each SO-state. The weights weréngatérom a MCDHF/DCB
PP calculation with a MRCI+DaC (no frozen orbitals) dregsai the effective SO
Hamiltonian. Additionally, m.a.e. with respect to the expeental data [191, 192]
(cf. Table 3.31) are given, which were calculated analogowanilo et al. [189] and
Infante et al. [193], i.e. the sum of the absolute deviatioetsveen the calculated and
experimental energy levels was divided by the number, nad2| of excited levels.
Analogous to the SO free calculations, first the effect ofsike-extensivity correction
(DaC) and then the difference between the two frozen-dripiaces will be discussed.
Next the results using the new MCDHF/DCB PP will be compacethbse using the
old WB PP as well as to AE/DKH calculations [189]. Finally,@tparison with other
theoretical works [193—-195] will be given (cf. Table 3.31).

As for the SO free calculations the MRCI method yields higireergy levels than the
MRCI+DaC method except for théH; state, which is slightly increased by 15 and
18cnt! for 5s, 5p, and 5d frozen and correlated, respectivelygfidacC is applied.
Since the experimental energy levels are already overattanby the MRCI+DaC
results, the neglect of the size-extensivity correcti@u&eto clearly increased devia-
tions, i.e. the m.a.e. amount to 1689/1043 and 1929/948 éon MRCI/MRCI+DaC
calculations with 5s, 5p, and 5d frozen and correlated gesely. Except for théH;



Table 3.30: Energy levels with respect to the lowest energy |é¥Bl (in cm~!) and m.a.e. with respect to experimental [191,192
data (cf. Table 3.31) of & with 5f? valence subconfiguration. The SO free correlated enerditsned at the
MRCI(+DaC) level using both the MCDHF/DCB PP and the WB PPhwdifferent frozen-orbital spaces, i.e. 5s,
5p, and 5d either (1) frozen or (2) correlated, were useddaegithe SO-CI matrix. As comparison AE/DKH+AMFI

MRCI+DaC data [189] are given. Changes in the ordering déstare listed in italics.

MRCI MRCI+DaC

DCB* 1) (2)
J Weight of LS-state Q) (2) DCB WB¢ AE DCB* WB¢ AE?
4 85%°H+9%'G 0 0 0 0 0 0 0 0
2 83%’F+11%'D 4919 5066 4605 4508 4404 4585 4470 4559
5 95%°H 6150 6110 6165 5087 6406 6128 5055 6379
3 95%°F 9544 9664 9305 8290 9371 9295 8261 9490
4 47%°F+40%'G 9790 10011 9624 8665 9729 9765 8798 9883
6 91%°H 11685 11628 11681 9797 12054 11609 9742 12005
2 54%'D+31%3*P+10%3F 18710 19011 17803 16983 17434 17640 16795 1774Q
4 47%°F+46%'G 17029 17262 16851 14768 17192 17006 14932 17358
0 89%°P 20104 20409 18873 18657 18157 18573 18298 18431
1 95%°P 22695 22916 21513 20677 21009 21142 20263 21210
6 91%'1 25265 24734 24733 23749 24395 23792 22716 23882
2 63%°P+30%'D 27250 27512 26172 24392 25969 25899 24066 26234
0 89%'S 47970 49613 46031 45066 45367 46772 45820 46602

m.a.e. 1689 1929 1043 1046 887 948 952 1078

Basis sets: PP (14s13p10d8f6g)/[6s6p5d4f3g]; AE (26s28p3f59)/[10s9p7d5f3g].

“MCDHF/DCB PP calculation.

®Only weights from the MCDHF/DCB PP MRCI+DaC calculation kwito frozen orbitals larger than 8% are given.

“WB PP calculation.
41s-5p orbitals were frozen.
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state all energy levels come closer to experiment and tgedarmprovement by 1939
(5s5p5d frozen) and 2841 crh(5s5p5d correlated) is observed for 18 state. Thus,
the size-extensivity correction gives a clear improvenaoéiibe results. Therefore the
following discussions will be restricted to the MRCI+DacC thnad.

At the MRCI+DaC level the correlation of the 5s, 5p, and 5dtafb leads to an im-
provement of the results, i.e. the m.a.e. decreases fro® tb0848 cnt. This is due

to the fact that the energy levels are lowered, if no orbiéaésfrozen, except for the
two (*F,'G), states and th&S, state, where the energy levels are increased by 141, 155,
and 741 cm?, respectively. The largest improvement due to the incbaseelation
space is obtained for tHé; state and amounts to 941 cfm

Compared to the old WB PP the new MCDHF/DCB PP seems not tcowvephe re-
sults, i.e. the m.a.e. differ by at most 4th However, this is most likely due to
an error cancelation at the WB PP level, because the redatid@pproach is more ac-
curate for the new PP. The WB PP energy levels are always ltvaerthose of the
MCDHF/DCB PP and the maximum deviations are found for tha&ig'F,' G), state
and amount to 2083 and 2074 chfor 5s, 5p, and 5d frozen and correlated, respec-
tively. While the new PP always overestimates the experiat@mergy levels, they
are both over- and underestimated by the old PP. Thus, th&®Reseems at least to be
more systematic in its deviations.

Analogous to the MCDHF/DCB PP the AE/DKH calculations alwayerestimate the
experimental energy levels. If the 5s, 5p, and 5d orbitadrazen, the PP energy lev-
els are mainly larger than those of the AE/DKH calculaticansg thus the m.a.e. is
by 156 cnt! larger than that of the AE/DKH values. If the 5s, 5p, and 5dtatb are
correlated, the PP energy levels are mainly lower than thbee AE/DKH calcula-
tions, and thus the m.a.e. of 948th(5.1%) is by 130 cm! lower than that of the
AE/DKH values, i.e. m.a.e. 1078 crh(6.3%). However, the better agreement with
the experimental data for 5s, 5p, and 5d correlated is pipllaie to the fact that in the
AE/DKH calculation the 5s and 5p orbitals were frozen (cfoad). For both PP and
AE/DKH calculations the largest deviations occur for ti8s and!l; states, whereby
for the smaller correlation space tHg and for the larger one the5, state shows the
larger deviation (5s5p5d frozen: PP 2457,'S, 2417; AE/DKH:'14 2119,'S, 1753;
5s5p5d correlated: PPS, 3158,'1; 1516; AE/DKH:'S, 2988,'I; 1606 cnt).

Table 3.31 summarizes the best PP results and compares dhsgtetted computa-
tional ab initio data from the literature [189, 193, 195]. identioned above the m.a.e.
with respect to the experiment of both PPs are almost the ,saenehey amount to
948 (5.1%) and 952 cm (7.2%) for the new and old PP, respectively. Thus, only the
best results for the new PP from Table 3.30 are repeated fmeotence.

The best calculations available so far for the fine-strgctfithe U+ spectrum are the
AE four-component calculations using the DCB Hamiltonitita multi-configuration
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Table 3.31: Comparison of the best MCDHF/DCB PP results to other contioumal [189, 193, 195] and experimental [191, 192]| «@

data for the energy levels with respect to the lowest enazggl H, of U*t with 5f valence subconfiguration (in
cm~!). Additionally, m.a.e. with respect to experimental data an.a.d. with respect to AE DCB XIH-FSCC data

are given. Changes in the ordering of states are markedicsita

DCB PP DCB PP DCB PP DCB PP AE/DKH* AE DCB/ AE DCBY
J SO-CI SO-CI IH-FSCC IH-FSCC SO-CI MCDF+CI XIH-FSCC Exp.
4 0 0 0 0 0 0 0 0
2 4585 4406 3959 4233 4501 3844 4202 4161
5 6128 6162 5902 5890 6392 6012 6070 6137
3 9295 9191 8612 8825 9455 8624 8974 8984
4 9765 9583 9196 9264 9819 9278 9404 9434
6 11609 11608 11178 11144 12010 11116 11420 11514
2 17640 17195 15998 16601 17531 15816 16554 16465
4 17006 16807 16181 16221 17289 15853 16630 16656
0 18573 18532 17025 17960 18170 16199 17837 17128
1 21142 21112 19529 20420 20960 18942 20441 19819
6 23792 23065 22594 22441 23744 22131 22534 22274
2 25899 25659 24042 24799 25998 23379 24991 24653
0 46772 46583 43783 45329 46189 43847 45611 43614
m.a.e. 948 755 318 420 935 522 357 0
m.a.d. 628 436 567 162 616 802 0 357

“MCDHF/DCB PP, MRCI+DaC + SO-CI, no frozen orbitals, (14s180@8f6q)/[6s6p5d4f3g] basis set.

®MCDHF/DCB PP, IH-FSCC + SO-ClI, no frozen orbitals, (14s13¢8f69)/[6s6p5d4f3g] basis set, LS-state energies frorHPPSCC using a

(16s15p12d10f8g7h7i) basis set.
“MCDHF/DCB PP, IH-FSCC, no frozen orbitals, (14s10p11dy8g5p5d4flg] basis set.
YMCDHF/DCB PP, IH-FSCC, no frozen orbitals, (16s15p12d§0t87i) basis set.

¢AE DKH MRCI+DaC + AMFI SO-CI, 1s-5p frozen, 5f-6d active, €28p17d13f59)/[10s9p7d5f3g] basis set [189].

fAE DCB MCDF-Cl+DaC, (1s1p2d3f3g2h1i) spinors to describe tirtual space [195].
9AE DCB XIH-FSCC, (37532p24d21f12g10h9i) basis set [193].
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Dirac—Fock configuration interaction with Davidson cotiece (MCDF-CI+DacC) level
[195] as well as at the XIH-FSCC level [193]. Both calculasgield the experimental
ordering of the energy levels and show m.a.e. clearly bel@®dtnt!, i.e. the m.a.e.
amount to 522 (3.6%) and 357 ci(1.5%) for the MCDF-Cl+DaC and XIH-FSCC
calculations, respectively. Therefore these calculatieapecially FSCC, are useful as
benchmark data, because they indicate the highest cyremtéssible accuracy for ab
initio approaches in a theoretical spectrum fdr-U

Even if the discrepancies between the AE four-componenegsnd the PP SO-Cl re-
sults are quite large, one should keep in mind the limitatmfrihe AE four-component
methods, i.e. the current implementation of the MCDF-Claaly be applied to atoms
and the FSCC calculations to systems with at most two holé&aelectrons outside
the reference closed-shell system [189]. The scope of thasPkell as the dressed
effective Hamiltonian SO-CI starting from states obtaibgdcorrelated calculations
within the Russell-Saunders scheme is much larger and lobikve a rather good
agreement with the experimental values at a relatively lompgutational cost despite
the strong SO coupling.

In order to separate the errors originating from the PP ealemly model Hamiltonian
from those due to deficiencies of the one- and many-partadestsets, the atomic DHF
and FSCC suite of programs by Kaldor, Ishikawa, and cowsrked7, 198] was ap-
plied as well. The IH-FSCC results for the MCDHF/DCB PP argquite satisfactory
agreement with experimental data. Using the standard 8pA€108f6g)/[6s6p5d4f3Q0]
basis set a m.a.e. (m.r.e.) with respect to experimentalafatnly 318 cn! (2.5%)

is obtained, whereas the m.a.d. from the AE DCB XIH-FSCCItesaf Infante et
al. [193] is 567 cm!. The corresponding results for the (16s15p12d10f8g7te&jsb
set are 420 (2.3%) and 162 ci respectively. Using subsets of the uncontracted basis
set containing up to g and h functions, m.a.d. values witphaeisto the AE results of
Infante of 432 and 204 cm, respectively, are obtained.

Electron correlation effects are especially large for'tBgstate, which is calculated to
be 673, 1430, and 1715 crhabove the experimental value of 43614 cnfior subsets
of the uncontracted basis set containing up to g, h, and itiums, respectively. Al-
though the errors with respect to experiment increase up@naving the correlation
treatment, the result for the full basis set deviates by @8&cnt! from the AE DCB
XIH-FSCC value 45611 cmf. A basis set extrapolation with respect té*1/ being
the highest angular quantum number present in the basigelels a value 2172 crri
above the experimental value. If it is taken into account thahe PP fit the'S,
state already is too high by 1144 cin(cf. Fig. 3.23), the accordingly corrected es-
timate would be a term energy of 44642chi.e. the overestimation arising from
the FSCC treatment could amount to about 1000'cn®n the other hand it is fair to
note that thé S, state was originally not observed by Wyart et al. and its ten@argy
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has been semiempirically estimated to be 45812'cfh91]. A refined estimate by
Goldschmidt placed it at 45154 cth[204]. Finally, van Deurzen et al. applied in
their model Hamiltonian & parameter taken from the fitting of the spectra of trivalent
actinides in crystals and estimated a value of 43480'cjt92]. On the basis of this
value three lines in the emission spectrum were interpragettansitions froniD;,
3P, and!'P; of 5f'6d! to 'S, of 5f2 and, applying the term energies of 6 by Wyart
et al. [191], the term energy 6§, has been determined to be 43614 ¢1f192]. More
rigorous ab initio calculations than the ones reported herkin the literature so far
are needed to clarify the situation.

Despite the smooth convergence of the PP results towards&hesults the ordering
of the ¢F,!G), and (D,?P), levels near 16500 cm is not reproduced correctly at the
PP level with uncontracted basis sets, in contrast to theesHlts. A notable excep-
tion is the standard contracted basis set, where the camgeting of the states and the
smallest error for théS, state is obtained. At the AE finite-difference MCDHF/DCB
Fermi nucleus level'D,*P), is 5263 cnT! above tF!'G), [44], whereas experimen-
tally it is 191 cnt! below. Thus, the calculations have to recover accurateiie qu
differential correlation contributions. Otherwise thentributions to the fine-structure
are quite accurately folded in the effective one-electr@at&m, which yields stable
results already for comparatively small basis sets.

Deviations of a few hundred wavenumbers from experimemalraghly accurate AE
data have to be expected due to the accuracy of the PP adpistiiteus, it is clear
that an even better agreement with experimental data thtmnel in the rigorous
AE calculations is to a certain extent fortuitous. The questvhy the two-step SO-
ClI calculations exhibit larger errors was investigated pplging energies from IH-
FSCC calculations using the scalar-relativistic part & BMWCDHF/DCB PP and the
(16s15p12d10f8g7h7i) basis set as diagonal elements BAREI matrix, which was
built using the standard basis set. The SO-CIl and FSCC teemgies up to 15000,
between 15000 and 30000, and above 30000'cagree with a m.a.d. of 420, 1167,
2800 cnt!, respectively, if the standard basis set is applied in tHe&SCorrespond-
ing m.a.d. of 319, 655, and 1254 ciare obtained with respect to FSCC results
calculated with the (16s15p12d10f8g7h7i) basis set. Tleean(m.r.e.) for all levels
listed in Table 3.31 with respect to experimental data isiced from 948 (5.1%) to
755cnT! (3.8%), i.e. about 40% of the remaining error comes from thergies of
the LS-states, whereas about 60% might be caused by insuffiorbital relaxation
under the SO-term.

Barandiaran and Seijo [194] also performed a two-step niethuere they used a
CASPT2 calculation applying a WB ab initio model potentied{5d in core) to dress
the SO-CI matrix. Their best results agree even better walekperiment than the AE
four-component methods, i.e. the m.a.e. amounts to onled80 (1.4%). However
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Table 3.32:lonization potentials IPand IR, (in cm™!) from MCDHF/DCB PP IH-
FSCC calculations in comparison to corresponding AE DHRBDJH-
FSCC [193] results.

Method IR AlP; IPg AlPg
DCB XIH-FSCC 381074 0 508183 0
DCB PP std. 381617 543 507904 —279
DCB PP spdf 367431 —13643 491960 —-16223
DCB PP spdfg 378377 —2697 504299 —3884
DCB PP spdfgh 381118 44 507170 —1013
DCB PP spdfgtii 382297 1223 508451 268
DCB PP ext. 383960 510195

*AE DCB XIH-FSCC (37s32p24d21f12g10h9i).

b(14s13p10d8f69)/[6s6p5d4f3g] standard PP basis set.

¢spdf ... spdfghi denotes a subset of a (16s15p12d10f8gFasis set; ext. denotes extrapolated values
based on results obtained with the spdfg, spdfgh, and splégis sets.

the reason for this very good agreement is, at least in pagtia parameter fitting, i.e.

a scaling factor of 0.9 was applied to the WB SO operator ae¢Rtand' | states were
shifted downward by 1000 cm. It is noteworthy that without these corrections the
m.a.e. is much larger (1284 ch(8.3%)), whereas the ordering of the states is entirely
correct with {D,3P), being about 327 cmt below ¢F,'G), (experiment 191 cm').

lonization Potentials The fifth and sixth IP of U are obtained as a byproduct of the
IH-FSCC calculations. The corresponding results aredistelable 3.32. The values
obtained with the contracted standard basis set deviatalyy543 and—279 cnt!
from the best corresponding AE data published by Infantd.gtl@3]. Using the
uncontracted basis set and monitoring the behavior withe@so the highest angu-
lar momentum quantum number in the basis set one finds a sytstertonvergence,
although the deviations from the AE values tend to becomeesdrat larger. Extra-
polating the PP results linearly for the largest three bsestis with respect to I, with

[ being the highest angular momentum quantum number prestrd basis set, values
of 383960 and 510195 cm are obtained for IPand IR, respectively. The correlation
coefficients deviate from the ideal value-ef only by2 x 10~° and2 x 10~9, respec-
tively. The extrapolated PP values are by 0.75 and 0.40%ehitjflan the AE results,
which are most likely also not fully converged with respectte basis set. It should
be noted here that experimental reference values do ndt exis



Chapter 4

Conclusion and Outlook

This thesis completes earlier adjusted quasirelativestergy-consistent f-in-core PPs
for the f-elements, i.e. the missing 5f-in-core actinides Rét di-, tetra-, penta-, and
hexavalent oxidation states as well as 4f-in-core lantt@®iPs for tetravalent oxida-
tion states were adjusted. Furthermore, correspondingeuldr basis sets of pVDZ to
pVQZ quality were optimized, whereby smaller basis settable for calculations in
crystalline solids form subsets of these basis sets. I dodeccount for the neglected
static and dynamic core-polarization, CPPs were adjustedif, tri-, and tetravalent
5f-in-core actinide PPs. Finally, the LPPs, CPPs, and lsatsswere tested in atomic
and molecular test calculations and used for selectedagbioins as actinocenes or
uranyl(VIl) complexes.

Besides the quasirelativistic f-in-core LPPs, atomic testulations for a more rigor-
ous 5f-in-valence SPP adjusted to AE four-component MCIDMIB reference data
were performed. This PP includes scalar-relativisticaffeas well as SO coupling
into an effective one-electron Hamiltonian improving tledativistic treatment of the
old WB 5f-in-valence SPP.

In the following the results for the 5f-in-core, 4f-in-coand 5f-in-valence PPs will be
summarized separately.

5f-in-core Pseudopotentials for Actinides Quasirelativistic 5f-in-core LPPs and
corresponding valence basis sets for crystal and molecalaulations were adjusted
for di- (5f**!, n=5—13 for Pu-No), tetra- (5!, n=1-9 for Th—Cf), penta- (3f?2,
n=2-6 for Pa—Am), and hexavalent {5f, n=3-6 for U~Am) actinide atoms. Fur-
thermore, CPPs for di-, tri-, and tetravalent PPs were apéich

Atomic test calculations for the first and second IPs showdgagreement to experi-
mental and SPP reference data except for those ionizatidrese a change in the 6d

1The parameters of the divalent 5f-in-core PPs | have alradflysted during my diploma thesis [19].
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or 7p shell occurs. However, this can be explained by thetfattLPPs show ioniza-
tions between averaged LS-states, while experimental Bfdi@izations take place
between high-spin states. The application of CPPs gave\clegproved results, i.e.
for the LPP/LPP+CPP calculations the m.a.e. fqrdRd IR, amount to 0.40/0.33 and
0.20/0.10 eV, respectively.

Bond lengths from LPP HF and CCSD(T) calculatibos AnF, (n=2—6) show good
agreement to SPP and experimental reference data, reshgcaxcept for Puk;
ThF;, and Pak, i.e. the maximum deviation without these compounds is D404
(2.0%). The reason why the a priori assumption of di- andlent actinides fails for
Puk, ThF;, and Pak is most likely that for these actinides the di- and trivalexit
dation states are not preferred (Th) or even not stable (BanRqueous solution. In
the case of the bond energies reasonable results are oaipetfor AnE—AnkF; and
UF; (largest deviation 0.29 eV (5.1%)), while for NpFAmMF; the 5f-in-core approx-
imation becomes too crude (smallest deviation 0.69eV 2.5 Thus, hexavalent
5f-in-core PPs of Np—Am should only be used for preoptinggirposes. The appli-
cation of CPPs improved the agreement for both bond lengtti®raergies, whereby
the CPP effect decreases from di- via tri- to tetravalentd Pé&tause of the decreasing
dipole polarizabilities. Therefore no CPPs for penta- aexilalent oxidation states
were adjusted.

The applications of the 5f-in-core LPPs to actinocene cexgs and the bare uranyl
ion show reasonable agreement with experimental and SErRenek data, i.e. the f-
part of the LPPs are found to be able to model quite well thel&ital contributions to
the bonding. However, in the case of the other penta- A(h=U-Am) and hexava-
lent AnG;™ (An=Np—Am) actinyl ions the 5f-in-core approximation faibecause the
a priori assumption of penta- and hexavalent oxidatiorestgt not fulfilled. The LPP
calculation$ of the uranyl(V1) complexes with aromatic acids are in gogceament
with experimental and SPP data for molecular structuresraladive stabilities, but
the TD-DFT excitation spectra do not show the important Cditeons from ligand
7 MOs to U 5f atomic-orbital-like MOs. This is due to the facathhe f-part of the
LPP is already exhausted by the additional electrons dugettigand-to-metal dona-
tion.

Finally, one can conclude that the di-, tri-, tetra-, andtpealent 5f-in-core LPPs as
well as the hexavalent uranium LPP are useful tools for tlaasmide compounds,
where the 5f orbitals do not significantly contribute in cheshbonding. Thus, avoid-
ing the difficulties due to the large number of electrons, shlgmificant relativistic
effects, and the open shells, many calculations espediallgrge actinide complexes
become feasible. However, one should always explicitly tethe 5f occupation num-

2The LPP HF calculation for BkFand SPP calculations for TRFCfF, were performed by X. Cao.
3The calculations were performed by D. WeiRmann.
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ber is close to integral, e.g. in single-point HF calculasiovith an explicit treatment
of the 5f shell.

4f-in-core Pseudopotentials for Lanthanides Quasirelativistic 4f-in-core LPPs and
corresponding valence basis $etsr use in crystal and molecular calculations were
generated for tetravalent (4f', n=1-3, 8, 9 for Ce—-Nd, Tb, Dy) lanthanide atoms. Re-
sults of LPP HF and CCSD(T) test calculati®fisr LnF, show reasonable agreement
with SPP and experimental reference data, respectivelythe maximum deviation for
bond lengths and energies amount to 0.016 A (0.8%) and 0.76.4%), respectively.
Furthermore, LPP HF and CCSD(T) calculations for Ge@e in satisfactory agree-
ment with SPP reference data, if 3f basis functions HF opgtahifor 4F55°5p°65
instead of 2f polarization functions CI optimized fo?5g°5#6<* are applied. Thus,
the tetravalent 4f-in-core LPPs are reliable tools to itigase compounds including
tetravalent lanthanides within a reasonable amount of coengime, if the 4f shell
does not participate significantly in bonding.

For LnF; 4f-in-core LPP HF calculations using the recently publastgs7p6d3f2g)/
[6s5p5d3f2g] basis sets show good agreement with correlappSPP reference data,
i.e. the mean deviations amount to 0.005 A (0.2%)° Q022%), and 0.14 eV (0.3%)
for bond lengths, bond angles, and ionic binding energesgpectively. Compared to
experimental data only LPP CCSD(T) bond lengths show snesdiadions, i.e. the
m.a.e. for bond lengths, bond angles, and atomization @seage 0.007 A (0.3%),
10.3 (9.5%), and 0.94 eV (5.4%), respectively. If correctionstfte neglected SO
coupling and zero-point energy as well as the BSSE are tailteraccount, the devi-
ation for the atomization energy of Lakes within the experimental error bar, while
that for LuFR; still amounts to 1.10eV (5.9%), which is more than 50% lartan
the experimental error bar of 0.43 eV. The reason for theeldigcrepancies from ex-
perimental energies might be that the assumed uncertantgtbmization energies
including estimated values in the thermochemical cyclegsdmall. In the case of
bond angles the experimental data neglect the anharmpmdcingle bending vibra-
tion, which can seriously affect the angle parameters. Tthegather large differences
from experimental data for bond angles and atomizationgeeiare not necessarily
due to the LPP calculations, which are consistent with SEPBCSD(T) data for
LaF; and Luk, i.e. the maximum deviations (using the counterpoise ctioe) are
0.4 (0.3%) and 0.22 eV (1.1%), both occurring for l;aH herefore the test calcula-
tions demonstrate that the recently published basis satsigasonable results and are
at least as good as the original ones.

4The tetravalent 4f-in-core PPs as well as the corresporimisig sets were adjusted by M. Hiilsen.
5The calculations for LnFwere performed by M. Hiilsen.
5The AE calculation for Lug was performed by M. Dolg.
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5f-in-valence Pseudopotential for Uranium For the recently adjusted MCDHF/
DCB 5f-in-valence SPP for uranium atomic test calculationsthe SO splitting of
Ut and the fine-structure spectrum oftUwere performed using a dressed effective
Hamiltonian SO-CI framework as well as the IH-FSCC. The ltesmere compared to
those of the older WB PP, supplemented by a valence SO-tesmelaas to AE/DKH
calculations.

The SO-CI calculation for the SO splitting of°t) yields good agreement with the
experiment, i.e. the deviation is 183 cincorresponding to 2.4%. Analogous to the
AE/DKH+AMFI calculations the best results are obtainedtfar SO-CI configuration
space, where all single excitations from the doubly ocalipiditals in the near va-
lence region are included, i.e. from 6p, 5d, and 5f. Theeethis configuration space
was used to calculate the fine-structure of tHe Epectrum.

For the U+ spectrum the SO-CI using the MCDHF/DCB PP with a MRCI+DaGslre
ing (no frozen orbitals) of the effective Hamiltonian gakie best results, i.e. the m.a.e.
with respect to the experimental data amounts to 948'@urresponding to 5.1%. All
energy levels are systematically overestimated by the riearfel the maximum devi-
ation found for the'S, state is 3158 cmt. Although the old WB PP yields a similar
m.a.e. of 952cm!, it is less systematic, because the energy levels are bath ov
and underestimated. The results of the new PP are in redsaagtieement with the
AE/DKH MRCI+DacC calculations.

An accuracy very similar to the one obtained in AE four-comgrat MCDF-CIl+DaC
and XIH-FSCC calculations is obtained, if the new PP is aapln the IH-FSCC
framework, i.e. for the largest basis set a virtually exatitting for U>* and a m.a.e.
of 420 cnr! for U is found. In view of applications in larger molecular systeitris
very promising that due to the folding of the relativistifeets including SO coupling
into an effective one-electron Hamiltonian in the PP apghoaesults of this quality
can already be obtained using standard contracted basisfgg@¢QZ quality.

The atomic test calculations show that the MCDHF/DCB SPRufanium yields re-
liable results and therefore confirm earlier benchmarkutatons on uranium mono-
hydride. Thus, the adjustment of analogous SPPs for the atftmide elements is
reasonable, in order to have such improved relativistic ®Fsand for all actinides
and to supplement the already existing MCDHF/DCB PPs fomthen group and d
elements.



Appendix A

Pseudopotentials

Table A.1: Reference configurations for the adjustment of the s-, g, ckparts of the di- (3f1,
n=5-13 for Pu-Noy = 10) and tetravalent (3f"!, n=1-9 for Th-Cf;Q = 12) 5f-in-
core PPs for actinides as well as of the tetravalerit (4fn=1-3, 8, 9 for Ce—Nd, Tb,
Dy; @ = 12) 4f-in-core PPs for lanthanides.

Actinides Lanthanides

No. Q=10 Q=12 Q=12

1 (5"+1) 68260752 (5f"—1) 6826p° 6P 7S (4f"—1) 585p°5d 68

2 (5f*1) 686p° (5f"1) 6s’6p° (4f"—1) 525p°

3 (5f+1) 626p°6d" (5f"~1) 6g26p°6d! (4fr—1) 525p55d!

4 (5*+1) 6826p°7s! (5f"~1) 6826p°7s' (4f"—1) 585p°6s'

5 (5 +1) 6265 7p! (5f"—1) 6g26p° 7p! (4fr—1) 525p°6p!

6 (5f+1) 626p°6d> (5f"—1) 6g’6p° 602 (4f"—1) 58255502

7 (5f*1) 68°6p°6d' 75" (5"~ 1) 6s’6p°6d! 75 (4"~ 1) 585p°5d! 65

8 (51 686p°6d! 7p! (5f"~1) 6g26p°6d' 7p! (4fr—1) 55p°5d! 6p!

9 (5f+1) 626p°7s' 7p! (5f"—1) 6826p° 75 7p! (4f"—1) 5825p°6s' 6p!

10 (51~ 1) 68%6p° 7 (4f"—1) 525p°68

11 (5*~1) 626p° 6P 7S (4f"—1) 58255065

12 (5~ 1) 6826p°6d' 78 (4fr—1) 585p°5d! 6

13 (5f*1) 626p° 72 7p! (4f"—1) 5825p°6526p!

14 (5f*~1) 6826p° 75 7p? (4fr—1) 585p°6s' 6p?

15 (5f*~1) 6826p°6d' 75 7p! (4fn—1) 5825p°5d' 65 6p!
16 (5*~1) 6g26p 6375 (4f"—1) 5825p°5d6s'

17 (5f*~1) 626p° 6P 7S 7p! (4fr—1) 5825p°5?6s' 6p!
18 (5f*~1) 6826p°6d' 78 7p! (4fr—1) 5825p°5d' 65°6p!
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Table A.2: Reference configurations for the adjustment of the s-, gt daparts of the penta- (5f2,
n=2—-6 for Pa—Am(Q = 13) and hexavalent (3f 3, n=3-6 for U-Am;Q = 14) 5f-in-
core PPs for actinides.

No. Q=13 Q=14
1 (5" 2) 660 6° 7S (5("—3) 626p°6d17<
2 (5"—2) 660 6P (5f=3) 626p° 6
3 (5M2) 62606 75! (5f=3) 626p 6 7S
4 (5M2) 6607 (5f=3) 626p°6d! 7<
5 (52 6606 (5t~3) 626p°627p!
6 (5f"~2) 626p° 6P 7St (5f~3) 626p°6d!
7 (5/—2) 6606 72 (5f=3) 626p° 6B 7St
8 (5/2) 626p°6cR7p! (5f=3) 626p 627
9 (5/2) 626p°6d! 7 7p! (5f=3) 626p 65 7p!
10 (51'~2) 626p°6 75! (5f~3) 626p 627 7p!
11 (51'~2) 626p 67 (5t~3) 626p°6d! 75"
12 (5—2) 626p°6d! (5f=3) 626p°6°
13 (57*—2) 626p° 6P 7S 7p! (5f"=3) 6826p 6P 7S
14 (51'~2) 626p° 64 7p! (5t~3) 626p°6d! 7p!
15 (51'~2) 626p°6d! 75! (5f~3) 626p°6$ 75 7p!
16 (51'~2) 626p 67 7p! (5f~3) 626p°6d! 75 7p!
17 (5f*—2) 6g’6p°6° (5f"=3) 626p° 637 7p!
18 (5f*—2) 626p° 6375 7p! (5f"3) 626p 6P 7 7p?

Table A.3: Parameters of the di- (5f!, n=5-13 for Pu—NofQ = 10) and tetravalent (3f %, n=1-9
for Th—Cf; Q = 12) 5f-in-core PPs for actinides [29] and of the tetravalefit (4, n=1-3,
8, 9 for Ce—Nd, Th, Dy() = 12) 4f-in-core PPs for lanthanides [28].

Actinides’ Lanthanide%

Q=10 Q=12 Q=12
Il Kk An A a, A a, Ln A a,
0O 1 Th 101.530523 3.1878 Ce 119.423291 3.9026
0 2 -12.344959 2.5052 -2.511980 2.0907
1 1 61.875695 2.4114 76.607034 3.1582
1 2 -1.011261 1.5939 -0.430895 1.6651
2 1 27.688250 1.4416 68.864734 2.5236
2 2 1.134394 1.5308 -4.246970 2.2757
3 1 -3.474523 0.9539 -41.694411 4.6452
0 1 Pa 101.535521 3.2535 Pr 119.421511 4.0565
0 2 -12.346846 2.2728 -2.522571 2.0634
1 1 61.867648 2.5280 76.604560 3.2873
1 2 -0.997613 1.6695 -0.452512 1.6508
2 1 27.708880 1.5405 68.863419 2.6443
2 2 1.140057 1.5474 -4.248770 2.2649
3 1 -4.373234 1.1371 -42.538874 4.9055
3 2 1.017037 0.8389 0.725701 1.1484
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Table A.3: (continued).

Actinides’ Lanthanide%

Q=10 Q=12 Q=12
Ik An Al a Al a Ak a
0 1 U 101.510029 3.4119 Nd 119.410511 4.2588
0o 2 -12.398152 2.3679 -2.481276 2.3589
1 1 61.870048 2.6658 76.581227 3.4392
1 2 -0.817262 1.9668 -0.334544 1.8026
2 1 27.680805 1.6260 68.852942 2.7769
2 2 0.948957 1.8416 -4.256800 2.3321
3 1 -5.060991 1.2775 -42.929627 5.1726
3 2 2.081285 0.8824 1.456575 1.1957
0O 1 Np 101.516132 3.5983
0o 2 -12.369779 2.5430
1 1 61.836563 2.7674
1 2 -1.068386 1.8212
2 1 27.712219 1.7383
2 2 1.141543 1.5753
3 1 -5.615963 1.4081
3 2 3.191067 0.9264
0O 1 Pu 101504936 4.0712 101.506983 3.6343
0o 2 -12.399453 2.5110 -12.426998 2.3087
1 1 61.837518 3.1908 61.826324 2.8807
1 2 -0.992683 1.8837 -1.221450 2.0087
2 1 27.691590 2.2615 27.775505 1.8302
2 2 1.086341 1.6683 1.193230 1.6747
3 1 -7.478504 1.7755 -6.031720 1.5334
3 2 4615821 0.8123 4.344889 0.9709
0 1 Am 101.506880 4.2423 101.523169 3.7025
0o 2 -12.380058 2.5770 -12.373584 2.1912
1 1 61.830559 3.3341 61.837340 3.0106
1 2 -1.023903 1.8675 -0.863600 2.0821
2 1 27.691483 2.4192 27.756497 1.9209
2 2 1.102097 1.6712 1.152681 1.7035
3 1 -7.316609 1.8817 -6.299625 1.6565
3 2 5.502241 0.8535 5.541411 1.0159
0O 1 Cm 101.504260 4.3987 101.528345 3.8235
0o 2 -12.379533 2.6117 -12.353657 2.2001
1 1 61.828567 3.4877 61.850235 3.1239
1 2 -0.990561 1.9095 -0.823808 1.9785
2 1 27.689080 2.5736 27.739747 2.0188
2 2 1.085596 1.7209 1.158684 1.6901
3 1 -6.963250 1.9913 -6.408602 1.7790
3 2 6.419253 0.8952 6.779425 1.0615
0 1 Bk 101.506205 4.4712 101.529576 3.9455 Tb 119.384916 37%.1
0o 2 -12.377891 2.4926 -12.348977 2.2115 -2.464767 2.6552
1 1 61.836181 3.6299 61.838375 3.2431 76.525459 4.1681
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Table A.3: (continued).

Actinides’

Lanthanide’%

>
5

Q=10

Q=12

A

A

A

A

Ln

Q=12

A a,

-0.962722
27.680426
1.069841
-6.404162
7.366130

1.9044
2.7315
1.7240
2.1042
0.9375

-0.816482
27.755579
1.176777
-6.346459
8.057875

2.0290
2.1135
1.7604
1.9019
1.1076

-0.169881  1.9532
68.841221  3.4016
-4.271170  2.3394
-37.330833  6.6747
5.141693  1.4379

Cf

101.475587
-12.573643
61.850531
-1.337306
27.675091
1.046808
-5.624800
8.342264

4.4749
2.3117
3.7131
1.8582
2.8736
1.7588
2.2206
0.9803

101.529253
-12.353376
61.853084
-0.846896
27.724516
1.150912
-6.100431
9.375794

3.9803
2.0705
3.3400
1.9190
2.2084
1.6991
2.0258
1.1543

Dy 119.381621 028.3
-2.490913  2.6047
76.519446  4.3031
-0.258942 1.8863
68.839323  3.5187
-4.277393  2.3086

-34.391881  7.0083
5.876988 1.4877

Es

101.496988
-12.399519
61.813918
-1.092360
27.669903
1.009338
-4.610193
9.347159

4.7615
2.5251
3.9146
1.9517
3.0620
1.8306
2.3404
1.0238

Fm

101.499587

-12.394687
61.828820
-0.929628
27.661224

0.982986

-3.345067
10.380482

4.8149
2.4000
4.0681
1.9180
3.2280
1.8492
2.4637
1.0679

Md

101.499103
-12.396828
61.828786
-0.947297
27.652220
0.951381
-1.813704
11.442016

4.8971
2.3291
4.1983
1.8667
3.3993
1.8736
2.5906
1.1127

N NP POOWWMNDNPREPRPRPOOWWMNNDNPREPRPRPOOIWWNDNRPEPRPRPOO WWNDNREPPREPRPOOWWNNDNPRP|=—

NENRFEPNRPNEPENENENRENENEPNENRPNEPENENEPENREPENENENENRERENENERDNDT

No

101.500914
-12.419287
61.822993
-0.933399
27.645365
0.932537

4.7845
2.0399
4.3161
1.9569
3.5188
1.8810
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Table A.3: (continued).

Actinides’ Lanthanide%
Q=10 Q=12 0=12
Ik An A a, A a, Ln A a,
3 1 12.531620 1.1581

“The parameters of the divalent 5f-in-core PPs | have alradflysted during my diploma thesis [19].

®The tetravalent 4f-in-core PPs were adjusted by M. Hiilsen.

Table A.4: Parameters of the penta- (5f, n=2—6 for Pa—Am{) = 13) and hexavalent (3f %, n=3-6

for U-Am; @ = 14) 5f-in-core PPs for actinides [30].

Q=13 Q=14
Ik An Ak Ak Ak Ak
0 1 Pa 101.530502 9.1888
0 2 101.529662 3.2643
0O 3 -12.347038 2.4788
1 1 61.875296 2.4623
1 2 -1.012227 1.5912
2 1 27.685976 1.4977
2 2 1.130790 1.5368
3 1 -2.998486 0.8632
0O 1 U 101.525621 9.3059 102.244491 9.7387
0 2 101.526474 3.3893 102.252401 3.3303
0O 3 -12.352121 2.4477 -4.327744 1.4585
1 1 61.866963 2.5704 61.851913 2.4529
1 2 -0.996819 1.6769 -1.172466 1.1990
2 1 27.681302 1.5852 27.320350 1.5082
2 2 1.110842 1.5517 -0.133230 1.1772
3 1 -3.258365 0.8907 -3.194363 0.9876
3 2 1.206614 0.9566
0O 1 Np 101.530336 9.4041 102.244235 9.7490
0 2 101.515630 3.5180 102.247872 3.4993
0 3 -12.362053 2.4445 -4.325984 1.5433
1 1 61.870355 2.6571 61.843073 2.5571
1 2 -1.039633 1.4911 -1.161007 1.2810
2 1 28.204055 1.6890 27.361171 1.5838
2 2 1.629124 1.6779 -0.120114 1.1535
3 1 -3.357339 0.8907 -3.511579 1.0305
3 2 2.464953 1.0024 1.409055 1.0777
0O 1 Pu 101.514401 9.6589 102.243872 9.7631
0o 2 101.503391 3.7101 102.242707 3.7011
0 3 -12.380845 2.6287 -4.316857 1.7167
1 1 61.832932 2.7812 61.823982 2.6781
1 2 -1.080822 1.7817 -1.121911 1.4854
2 1 28.054819 1.7704 27.411347 1.6590
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Table A.4: (continued).

Q=13 Q=14

Ik An Al a Al a

2 2 1.476696 1.7388 -0.143002 1.0969
3 1 -3.266963 0.8548 -3.754220 1.0726
3 2 3.773377 1.0487 2.874433 1.1257
0O 1 Am 101.503615 9.7495 102.243881 9.7619
0 2 101.483537 3.8324 102.249453 3.8779
0 3 -12.439750 2.5969 -4.305243 1.8040
1 1 61.811778 2.8913 61.802876 2.7885
1 2 -1.231665 2.0153 -1.100244 1.6377
2 1 28.292323 1.8646 27.461971 1.7096
2 2 1.704499 1.8440 -0.296457 0.8633
3 1 -3.159664 0.8325 -3.907279 1.1111
3 2 5.130444 1.0956 4.394546 1.1743

Table A.5: Energy differences (in eV) between finite-difference AE ®&RIHF calculations [55] of
the di- (5**!, n=5-13 for Pu—Noy) = 10) and tetravalent (3f !, n=1-9 for Th—Cf;
Q = 12) 5f-in-core PPs for actinides [29] and of the tetravalerit (4, n=1-3, 8, 9 for
Ce—Nd, Th, Dy;Q = 12) 4f-in-core PPs for lanthanides [28] without f-PPs.

Actinides Lanthanides

Q=10 Q=12 Q=12
An AE® AEY, ~ No¢ AE" AE:,. Nof Ln AE" AE’,.  Nof
Th 0.018 0.035 14 Ce 0.028 0.068 16
Pa 0.006 0.012 2 Pr 0.027 0.062 2
U 0.015 0.029 16 Nd 0.024 0.057 2
Np 0.024 0.049 16 Tb  0.018 0.035 2
Pu 0.037 0.064 3 0.029 0.062 16 Dy 0.018 0.034 14
Am 0.035 0.061 3 0.033 0.073 16
Cm 0.033 0.058 3 0.037 0.082 16
Bk 0.031 0.056 3 0.040 0.091 16
Cf 0.031 0.054 3 0.042 0.095 16
Es 0.028 0.052 3
Fm 0.027 0.050 3
Md 0.026 0.048 3
No 0.026 0.045 3

“Root mean square deviation of the valence eneyigs= ,/ % > AE?, wheren is the number of

reference configurations amslE; = EFP — EAP,
®Maximum deviation of the valence energits,,,., = max(|AE;|).

“Reference configuration, where the maximum deviafidi,, ., occurs (cf. Table A.1).
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Table A.6: Energy differences (in eV) between finite-difference AE ®&RIHF calculations [55] of
the penta- (52, n=2—6 for Pa—Amg) = 13) and hexavalent (3f 3, n=3-6 for U-Am;
Q@ = 14) 5f-in-core PPs for actinides [30] without f-PPs.

Q=13 Q=14
An AE" AEY No.c AE" AEY No.c
Pa 0.021 0.043 2
U 0.007 0.016 2 0.010 0.024 18
Np 0.007 0.013 17 0.005 0.013 4
Pu 0.017 0.038 17 0.011 0.023 4
Am 0.025 0.055 17 0.013 0.028 4

“Root mean square deviation of the valence eneyigs= ,/ % > AE?, wheren is the number of

reference configurations amsl; = EFP — EAP,
®Maximum deviation of the valence energi&s,,,., = max(|AE;|).

“Reference configuration, where the maximum deviafidi,, ., occurs (cf. Table A.2).

Table A.7: Energy differences (in eV) between finite-difference AE @t HF calculations [55]
using the f-PPs Yand V; of the di- (5f**!, n=5-13 for Pu—Nog) = 10) and tetravalent
(5f"~1, n=1-9 for Th—Cf;Q = 12) 5f-in-core PPs for actinides [29].

Q=10 Q=12
V1 V2 V1 V2

An AE" AEb ~ AE" AEb ~ AE" AE¢,..  AE" AEE,
Th 0.077 0.099
Pa 0.088 0.107 0.008 0.033
U 0.096 0.117 0.008 0.032
Np 0.102 0.125 0.007 0.030
Pu 0.063 0.077 0.015 0.019 0.107 0.131 0.007 0.029
Am 0.067 0.080 0.014 0.018 0.112 0.137 0.007 0.028
Cm 0.069 0.084 0.013 0.017 0.116 0.141 0.006 0.027
Bk 0.072 0.087 0.013 0.016 0.119 0.146 0.006 0.026
Cf 0.074 0.089 0.012 0.015 0.123 0.149 0.006 0.025
Es 0.076 0.091 0.011 0.014
Fm 0.078 0.093 0.011 0.013
Md 0.079 0.095 0.010 0.013
No 0.009 0.012

“Root mean square deviation of the valence eneriBs= |/ > AE?, wheren is the number of

reference configurations amslE; = EPP — EAE,
®Maximum deviation of the valence energi&#,,,,. = max(|AE;|) occurring for the reference
configuration 5#+18f!,

°Maximum deviation of the valence energies occurring forriference configuration 5f 18f!.
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Table A.8: Energy differences (in eV) between finite-difference AE &RIHF calculations [55] us-
ing the f-PPs Y and \, of the penta- (52, n=2—6 for Pa—Am{) = 13) and hexavalent
(573, n=3-6 for U-Am;Q = 14) 5f-in-core PPs for actinides [30].

Q=13 Q=14
Vi Vo Vi Vo
An AE" AEb ~ AE" AE¢,..  AE" AEL — AE" AEE,
Pa 0.242 0.294
U 0.160 0.212 0.009 0.038 0.579 0.756
Np 0.092 0.131 0.009 0.036 0.484 0.607 0.010 0.043
Pu 0.040 0.059  0.008 0.035 0.395 0.471 0.010 0.041

Am 0.006 0.010 0.008 0.034 0.307 0.388 0.010 0.040

“Root mean square deviation of the valence eneryiEs= , /% > AE?, wheren is the number of
reference configurations amsle; = EFF — EAF,

®Maximum deviation of the valence energi&,,... = max(|AE;|) occurring for the reference
configuration 51 —27f,

“Maximum deviation of the valence energies occurring forrtference configuration 5f 28f!.
Maximum deviation of the valence energies occurring forriference configuration 5f 26f! and
5f»=37f! for U, Np and Pu, Am, respectively.

¢Maximum deviation of the valence energies occurring for#ference configuration 5f 38f!.

Table A.9: Energy differences (in eV) between finite-difference AE @&l HF calculations [55]
using the f-PPs Y and \, of the tetravalent (4f !, n=1-3, 8, 9 for Ce-Nd, Tb, Dy;
Q@ = 12) 4f-in-core PPs for lanthanides [28].

Vi Vo
Ln AE" AEY AE" AEY
Ce 0.162 0.201
Pr 0.150 0.189 0.022 0.028
Nd 0.139 0.176 0.021 0.027
Th 0.092 0.121 0.016 0.021
Dy 0.083 0.111 0.015 0.020

“Root mean square deviation of the valence eneyigs= ,/ % > AE?, wheren is the number of

reference configurations amsle; = EF'” — EAP,
®Maximum deviation of the valence energid&,,... = max(|AE;|) occurring for the reference
configuration 4~ 17fL,
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Table A.10: Parameters of the CPPs corresponding to diz{(5f n=5-13 for Pu-No;Q = 10)

[29], tri- (5", n=0-14 for Ac—-Lr;Q = 11) [54], and tetravalent (3f !, n=1-9 for
Th-Cf; Q = 12) [29] 5f-in-core PPs for actinides, respectively. Giver #re dipole
polarizabilitiesap (in a.u.) and cutoff parametefs

Q=11 Q=12
An ap 0 ap ) ap )
Ac 0.8982 0.8727
Th 1.1019 0.8296 0.7830 0.9293
Pa 1.3056 0.7865 0.9069 0.8661
U 1.5093 0.7435 1.0308 0.8028
Np 1.7130 0.7004 1.1548 0.7396
Pu 3.3726 0.7634 1.9167 0.6573 1.2787 0.6764
Am 3.7613 0.6980 2.1204 0.6142 1.4026 0.6132
Cm 4.1500 0.6326 2.3242 0.5712 1.5265 0.5499
Bk 4.5386 0.5673 2.5279 0.5281 1.6505 0.4867
Cf 4.9273 0.5019 2.7316 0.4850 1.7744 0.4235
Es 5.3159 0.4365 2.9353 0.4419
Fm 5.7046 0.3711 3.1390 0.3988
Md 6.0933 0.3058 3.3427 0.3558
No 6.4819 0.2404 3.5464 0.3127
Lr 3.7501 0.2696
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Table A.11: Reference configurations for the adjustment of the s-, p-and f-parts of the 5f-in-
valence MCDHF/DCB PP for uraniund)(= 32) [16].

U ut ut2

585p°5d195f5626pS 75! 585p°5d195f5626p° 5825p°5d105f 65 6p°
585p55d05f56526p°7p! 585p55d05f16526p°6d! 585p85d1053626pS6d!
55p55d105f16s26p°6d!7s!  5°5pi5d05f16526p°7s! 585pf5d105f36526pi 75!
585p05d105f4626p°6d! 7p!  55pf5d05f4626p57p! 585p05d105f3626p57p!
585p05d!05f165°6p° 7 585p°5d!05f365*6p° 6 585p°5d105f265*6p° 6
585p°5d105f1626pS7s! 7p!  525p°5d!05f36526pf6d! 7St 5825p°5d105f2626pf6d! 75!
55p55d105f3626p°6d! 78 525pf5d105f3626p5 7S 585p85d105f2626pS6d! 7p!
55p55d105f3626p° 7 7p!  525pf5dI05f36526p°7s! 7p! 585pf5d105f2626p57<
585p°5d105f3626p57s28s!  5825p°5d!05f3626pS6d! 7p! 5825p°5d!05f26826p0 75 7p!
585p05d!05f365’6p°75°9s!  58°5p°5d1 0526576 p° 6 585p°5d105f 65’ 6p°6d°
585p05d!05f365*6p°7s8p!  58°5p°5d 052626 p 6P 7St 585p°5d1 516526 p° 6P 7!

58505d105f3626pP 72 9p!
5L505d10512626p 6027

5L505d105f2626p°6d! 75
5L505d105f2626p°6d! 75 7p!

55p°50105f2626pP6d! 752 7p! 5 5p05d 0512626 7S 7p!

585p55d'95f! 682 6p°6d 7!
550501051 626p 65 7
5505010626 6! 7

5L505d1 06266 727!

585p°5d'95f! 686 p°6d*
5505d105f1626p 6 75!
5L505d105f1 626 6L 7S
5L505d105f1626p 62 7S 7p!
5505d105fL 62660 752 7p!
585p°5d'96s26p°6d! 7S
5505d10626p 602 72 7p!

5950950105168 6p06d! 78
5825p°5d'05f 682 6p°6d! 75 7p!
5L5p 510516260 7 7p!
585p°5d'%6s?6p°6d
55p°5d!°6s*6p° 6 75!
5950950 0626p 6 7S
595095d10626p°6d! 782 7p!

U+3 U+4 U+5
55p°5d105(3656p° 55p°5d10512656p° 55p°5d15{ 65 6p°
550550105265 6p 64! 5250550105 6526pP6d! 525p°5d10626p°6d!
5L5p°50105f2626p7s! 55p°50105fL 626 7! 525541068265 75!
5L5pP5d105f2626p07p! 5L5pP5d1 051 626p57p! 525p85d10626p°7p!
58°5p°5d!5f! 65’6 p° 6P 58°5p°5d'°65*6p° 6P 585p°5d!°6s?6p°8s'
52505501051 626p°6d! 7Sl 585p°5d\0656p06d! 75! 525p°5d10626p°9s'
52505501051 626pP6d! 7p!  55p°5d10656p06d! 7p! 5L25p°5d10626p°8p!
5L5p°50105fL 62677 5L5p°501066p° 7 525p°5d106826p°9p!
5L5pi5d105f1626pf7s 7p! 52505010626 7s 7p! 525p55d1066p°7d!
585p°5d'°6s*6p° 6 585p°5d!°6s*6p°8d!
525055010686 p°602 75! 5L25p°5d10626p°9d!
525p°5010686p°6d! 75 525p°5d1066°6f!
5L5pi5d106826p° 7S 7p! 525p05d106826p° 71!
585p°5d'°6s?6p°8f!
55p°5d'°6s?6p°9f!
U+6 U+7 U+7
5825p°5d195f3626° 5s'5p°5d'Y6526p° 5825p°5d'96s' 6°
525p°5d!06526p° 55p5d10626p°

5825p°5d” 6526p°
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Table A.12: Parametersof the two-component 5f-in-valence MCDHF/DCB PP for urani(Q =

32) [16].
l J k Bijk by
0 1/2 1 529.53526911 16.91870874
0 1/2 2 4.27018845 3.40970576
0 1/2 3 0.09998874 0.79302733
0 1/2 4 0.00626781 0.19378381
1 1/2 1 302.80077401 13.16953414
1 3/2 1 263.93135846 10.60784728
1 1/2 2 -0.00632361 2.69049397
1 3/2 2 -0.28562472 2.08929800
1 1/2 3 0.01483880 0.54050990
1 3/2 3 -0.02478724 0.40482776
1 1/2 4 0.00246099 0.11250285
1 3/2 4 -0.00150041 0.09508873
2 3/2 1 157.14819756 9.06784123
2 5/2 1 150.34804157 8.53362678
2 3/2 2 -0.20706045 1.63646790
2 5/2 2 -0.25513195 1.54425719
2 3/2 3 -0.00021799 0.47961552
2 5/2 3 0.00806796 0.41164502
2 3/2 4 -0.00015340 0.13990510
2 5/2 4 -0.00401398 0.17494682
3 5/2 1 36.60132534 5.14746012
3 /2 1 39.06184353 5.29241394
3 5/2 2 -0.48275111 1.05726701
3 /2 2 -0.14760289 0.98063114
3 5/2 3 0.14197042 0.48259555
3 /2 3 0.00404713 0.55434882
3 5/2 4 -0.00476161 0.23674544
3 /2 4 0.00609679 0.21559852
4 /2 1 -99.92316195 18.83643086
4 9/2 1 -96.57611061 18.74850924
4 /2 2 -5.74243522 6.49279545
4 9/2 2 -6.01884159 6.57472519
4 /2 3 0.10186930 2.58151924
4 9/2 3 0.10148305 2.58690949

“The PP was adjusted by M. Dolg.






Appendix B

Basis Sets

Table B.1: Exponents
{211111/21111/2111}, (7s6p5d)/[5sd4p4d] {31111/3111W2}Y and (7s6p5d)/[4s3p3d]
{3211/321/311} as well as of the (6s5p4d), (6s5p4d)/[5spR1111/2111/211}, and
(6s5p4d)/[4s3p3d]{2211/221/211} GTO valence basis satsife divalent (5!, n=5-13
for Pu—No) 5f-in-core PPs for actinides [29]. Additionaliiye two f and one g polarization
functions are given.

and

contraction

coefficients

of the

(7s6p5d), 6[3d)/[6s5p4d]

An (7s6p5d)/  [6s5p4d]  [5sd4pdd]  [4s3p3d] (6s5p4dd)/ [5s4p3d]  [4s3p3d]
Pu 7.099797 -0.102293 -0.102293 -0.102298071880 0.476802 0.476802
4733198 0.620330 0.620330 0.62033®.714587 -0.997050 -0.997050
2.974894 1.000000 -0.991321 -0.991320.640897 1.000000 0.807075
0.568363 1.000000 1.000000 0.8926Y1.277613 1.000000 0.524547
0.249491 1.000000 1.000000 0.393614.062021 1.000000 1.000000
0.063629 1.000000 1.000000 1.00000@®.027540 1.000000 1.000000
0.027857 1.000000 1.000000 1.000000
3.855776 0.107344 0.107344 0.1073#441.018228 0.099782 0.099782
2.582683 -0.286647 -0.286647 -0.286642.670701 -0.262835 -0.262835
0.680070 1.000000 0.421465 0.42146%.566548 1.000000 0.632849
0.329090 1.000000 1.000000 0.52088%.221476 1.000000 0.476800
0.154720 1.000000 1.000000 0.20411@®M.070541 1.000000 1.000000
0.064100 1.000000 1.000000 1.000000
2.010101 0.018281 0.018281 0.0182812.483170 -0.011281 -0.011281
0.589728 -0.168424 -0.168424 -0.168420€.474833 0.246988 0.246988
0.213274 1.000000 1.000000 -0.335810.136942 1.000000 1.000000
0.077409 1.000000 1.000000 1.00000@®.041147 1.000000 1.000000
0.027972 1.000000 1.000000 1.000000
0.970
0.403
0.853
Am 7.311443 -0.094661 -0.094661 -0.094664.332225 0.459342 0.459342
4.874295 0.632757 0.632757 0.6327572.888150 -0.958347 -0.958347
3.150528 1.000000 -1.001778 -1.0017[7®.649477 1.000000 0.823474
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Table B.1: (continued).

An (7s6p5d)/  [6s5p4d]  [5sd4pdd]  [4s3p3d] (6s5p4dd)/ [5s4p3d]  [4s3p3d]
0.594258 1.000000 1.000000 0.884793.281157 1.000000 0.491287
0.259319 1.000000 1.000000 0.395678.064995 1.000000 1.000000
0.065370 1.000000 1.000000 1.00000@®.028758 1.000000 1.000000
0.028490 1.000000 1.000000 1.000000
3.780929 0.173901 0.173901 0.173904.279281 0.096429 0.096429
2.879710 -0.342251 -0.342251 -0.342252.852854 -0.250887 -0.250887
0.694187 1.000000 0.435554 0.435554.587520 1.000000 0.632659
0.333442 1.000000 1.000000 0.509664.228009 1.000000 0.473504
0.157034 1.000000 1.000000 0.195792.072149 1.000000 1.000000
0.064705 1.000000 1.000000 1.000000
2.184394 0.015557 0.015557 0.015552.775368 -0.009052 -0.009052
0.625243 -0.162404 -0.162404 -0.162404€.499709 0.241657 0.241657
0.224275 1.000000 1.000000 -0.327844€.141397 1.000000 1.000000
0.080187 1.000000 1.000000 1.00000@®.041770 1.000000 1.000000
0.028490 1.000000 1.000000 1.000000

0.991
0.415
0.888

Cm 7.493885 -0.088834 -0.088834 -0.088834.528355 0.449640 0.449640
4.995923 0.660351 0.660351 0.6603513.018903 -0.944447 -0.944447
3.330616 1.000000 -1.027970 -1.027970.685936 1.000000 0.810533
0.621922 1.000000 1.000000 0.8773870.294443 1.000000 0.502905
0.269763 1.000000 1.000000 0.399151.066637 1.000000 1.000000
0.067171 1.000000 1.000000 1.00000@.029364 1.000000 1.000000
0.029131 1.000000 1.000000 1.000000
4.057822 0.144139 0.144139 0.1441B39%.485808 0.090897 0.090897
3.002285 -0.305917 -0.305917 -0.305912.990538 -0.240087 -0.240087
0.724461 1.000000 0.433570 0.4335Y®M.615619 1.000000 0.625974
0.344967 1.000000 1.000000 0.510082.236723 1.000000 0.479166
0.161425 1.000000 1.000000 0.195549.073715 1.000000 1.000000
0.066064 1.000000 1.000000 1.000000
2.390505 0.012868 0.012868 0.012868.092587 0.007200 0.007200
0.654420 -0.159252 -0.159252 -0.159259.524586 -0.236158 -0.236158
0.231377 1.000000 1.000000 -0.32337®.145602 1.000000 1.000000
0.081656 1.000000 1.000000 1.00000@®.042301 1.000000 1.000000
0.028627 1.000000 1.000000 1.000000

1.012
0.426
0.922

Bk 7.750942 -0.090316 -0.090316 -0.090318.676718 0.455176 0.455176
5.167295 0.668340 0.668340 0.66834(.117812 -0.958692 -0.958692
3.444863 1.000000 -1.040472 -1.0404{7D.729488 1.000000 0.805712
0.658979 1.000000 1.000000 0.870230.309324 1.000000 0.516962
0.283798 1.000000 1.000000 0.412823.068470 1.000000 1.000000
0.069000 1.000000 1.000000 1.00000@®M.030076 1.000000 1.000000
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Table B.1: (continued).

An (7s6p5d)/  [6s5p4d]  [5sd4pdd]  [4s3p3d] (6s5p4dd)/ [5s4p3d]  [4s3p3d]
0.029797 1.000000 1.000000 1.000000
4.354756 0.116869 0.116869 0.116869.717032 0.086946 0.086946
3.100354 -0.273636 -0.273636 -0.273638.144688 -0.230293 -0.230293
0.756531 1.000000 0.428620 0.42862@®M.639243 1.000000 0.622801
0.357799 1.000000 1.000000 0.51190%.243939 1.000000 0.480620
0.166290 1.000000 1.000000 0.19770%.075148 1.000000 1.000000
0.067444 1.000000 1.000000 1.000000
2.611617 -0.010546 -0.010546 -0.010548.445159 0.005629 0.005629
0.682940 0.155758 0.155758 0.155758.548544 -0.230468 -0.230468
0.237969 1.000000 1.000000 0.318973.149407 1.000000 1.000000
0.082941 1.000000 1.000000 1.00000@®.042719 1.000000 1.000000
0.028700 1.000000 1.000000 1.000000
1.033
0.438
0.957
Cf 7.900351 -0.095925 -0.095925 -0.095928.801003 0.470520 0.470520
5.266901 0.698194 0.698194 0.698194.200668 -0.987285 -0.987285
3.511267 1.000000 -1.083094 -1.083094.762881 1.000000 0.824487
0.704620 1.000000 1.000000 0.866359.320322 1.000000 0.510566
0.300880 1.000000 1.000000 0.43334@®M.070318 1.000000 1.000000
0.070639 1.000000 1.000000 1.00000@®.030736 1.000000 1.000000
0.030401 1.000000 1.000000 1.000000
4559154 0.106903 0.106903 0.1069031.901994 0.084879 0.084879
3.193051 -0.261125 -0.261125 -0.261128.267996 -0.224879 -0.224879
0.787977 1.000000 0.424217 0.424210.661926 1.000000 0.620911
0.370480 1.000000 1.000000 0.514184.250806 1.000000 0.482220
0.171080 1.000000 1.000000 0.20019@®M.076488 1.000000 1.000000
0.068840 1.000000 1.000000 1.000000
2.827024 -0.008751 -0.008751 -0.008758.795928 -0.004436 -0.004436
0.709159 0.152235 0.152235 0.15223%.570004 0.224995 0.224995
0.243598 1.000000 1.000000 0.31479®.152478 1.000000 1.000000
0.083937 1.000000 1.000000 1.00000@.042965 1.000000 1.000000
0.028682 1.000000 1.000000 1.000000
1.054
0.450
0.991
Es 8.316404 -0.072460 -0.072460 -0.072468.109894 0.439540 0.439540
5.544270 0.612414 0.612414 0.612414.406596 -0.929303 -0.929303
3.696180 1.000000 -0.997598 -0.997598.785894 1.000000 0.808788
0.726950 1.000000 1.000000 0.854744.329544 1.000000 0.505793
0.309005 1.000000 1.000000 0.4288210.072513 1.000000 1.000000
0.072612 1.000000 1.000000 1.00000@®.031496 1.000000 1.000000
0.031057 1.000000 1.000000 1.000000
4994225 0.082035 0.082035 0.08208%.212368 0.079729 0.079729
3.317480 -0.228903 -0.228903 -0.228903.474912 -0.211715 -0.211715
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Table B.1: (continued).

An (7s6p5d)/  [6s5p4d]  [5sd4pdd]  [4s3p3d] (6s5p4dd)/ [5s4p3d]  [4s3p3d]
0.823677 1.000000 0.419854 0.419854).688814 1.000000 0.616651
0.384100 1.000000 1.000000 0.515219.258864 1.000000 0.483658
0.176126 1.000000 1.000000 0.201399.078105 1.000000 1.000000
0.070304 1.000000 1.000000 1.000000
3.136682 0.006816 0.006816 0.0068[L@.311882 -0.003183 -0.003183
0.744669 -0.148165 -0.148165 -0.14816H.598759 0.218808 0.218808
0.251518 1.000000 1.000000 -0.309568.156688 1.000000 1.000000
0.085366 1.000000 1.000000 1.00000@®.043360 1.000000 1.000000
0.028730 1.000000 1.000000 1.000000

1.075
0.461
1.025

Fm 8.507957 -0.074200 -0.074200 -0.074208.273309 0.447506 0.447506
5.671971 0.626126 0.626126 0.626126.515539 -0.942576 -0.942576
3.781314 1.000000 -1.021500 -1.021500.813477 1.000000 0.827112
0.769324 1.000000 1.000000 0.85449%.338844 1.000000 0.492972
0.324360 1.000000 1.000000 0.440449.074616 1.000000 1.000000
0.074403 1.000000 1.000000 1.00000@.032200 1.000000 1.000000
0.031680 1.000000 1.000000 1.000000
5.365571 0.067241 0.067241 0.067245.456639 0.076576 0.076576
3.405427 -0.210012 -0.210012 -0.210013.637760 -0.203465 -0.203465
0.857327 1.000000 0.414129 0.414129.711721 1.000000 0.614045
0.397544 1.000000 1.000000 0.517271.265625 1.000000 0.484869
0.181085 1.000000 1.000000 0.204512.079348 1.000000 1.000000
0.071676 1.000000 1.000000 1.000000
3.424275 -0.005412 -0.005412 -0.005412.831599 -0.002290 -0.002290
0.774861 0.143988 0.143988 0.143988.621976 0.212968 0.212968
0.257721 1.000000 1.000000 0.304813.159633 1.000000 1.000000
0.086384 1.000000 1.000000 1.00000@®.043510 1.000000 1.000000
0.028678 1.000000 1.000000 1.000000

1.096
0.473
1.060

Md 8.715120 -0.072687 -0.072687 -0.072683.412826 0.452715 0.452715
5.810080 0.627554 0.627554 0.627554.608551 -0.956257 -0.956257
3.873387 1.000000 -1.032597 -1.03259D.853816 1.000000 0.832209
0.808963 1.000000 1.000000 0.856302.352783 1.000000 0.496699
0.338605 1.000000 1.000000 0.44708®.076347 1.000000 1.000000
0.076209 1.000000 1.000000 1.00000@®.032781 1.000000 1.000000
0.032287 1.000000 1.000000 1.000000
5.703359 0.058196 0.058196 0.058196.736566 0.074816 0.074816
3.497092 -0.197696 -0.197696 -0.197698.824377 -0.196416 -0.196416
0.891197 1.000000 0.409504 0.409504.732031 1.000000 0.613880
0.410946 1.000000 1.000000 0.5190Y4.271610 1.000000 0.483373
0.186013 1.000000 1.000000 0.207291.080629 1.000000 1.000000
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Table B.1: (continued).

An (7s6p5d)/  [6s5p4d]  [5sd4pdd]  [4s3p3d] (6s5p4dd)/ [5s4p3d]  [4s3p3d]
0.072898 1.000000 1.000000 1.000000
d 3.756518 -0.004198 -0.004198 -0.004198.444997 -0.001557 -0.001557
0.805555 0.139833 0.139833 0.139883.645182 0.207128 0.207128
0.263620 1.000000 1.000000 0.30011%.162321 1.000000 1.000000
0.087250 1.000000 1.000000 1.00000@®.043576 1.000000 1.000000
0.028568 1.000000 1.000000 1.000000
f 1.116
0.483
g 1.093
No s 8.722728 -0.098821 -0.098821 -0.09882%.288353 0.497653 0.497653
5.815152 0.729342 0.729342 0.7293423.525569 -1.059146 -1.059146
3.876768 1.000000 -1.146147 -1.14614D.923425 1.000000 0.859944
0.848505 1.000000 1.000000 0.891803.375702 1.000000 0.519828
0.352884 1.000000 1.000000 0.442629.076856 1.000000 1.000000
0.077637 1.000000 1.000000 1.00000@®.032970 1.000000 1.000000
0.032761 1.000000 1.000000 1.000000
p 6.017508 0.051013 0.051013 0.05101%.937963 0.072491 0.072491
3.572885 -0.187133 -0.187133 -0.187133.958642 -0.190189 -0.190189
0.917330 1.000000 0.405549 0.405549.749963 1.000000 0.611629
0.421114 1.000000 1.000000 0.520228.276729 1.000000 0.484545
0.189622 1.000000 1.000000 0.20956%.081648 1.000000 1.000000
0.073885 1.000000 1.000000 1.000000
d 4.009185 -0.003444 -0.003444 -0.003445%.949534 -0.001120 -0.001120
0.825714 0.135934 0.135934 0.135984.658990 0.201963 0.201963
0.266486 1.000000 1.000000 0.296459.163206 1.000000 1.000000
0.087435 1.000000 1.000000 1.00000@.043326 1.000000 1.000000
0.028305 1.000000 1.000000 1.000000
f 1.125
0.489
g 1.119
Table B.2: Exponents and contraction coefficients of the (7s6p5d), 63d)/[6s5p4d]

{211111/21111/2111}, (7s6p5d)/[5sd4p4d] {31111/3111W2}Y and (7s6p5d)/[4s3p3d]
{3211/321/311} as well as of the (6s5p4d), (6s5p4d)/[5spR1111/2111/211}, and
(6s5p4d)/[4s3p3d] {2211/221/211} GTO valence basis setsthe tetravalent (3f 1,

n=1-9 for Th-Cf) 5f-in-core PPs for actinides [29]. Additally, the two f and one g
polarization functions are given.

An (7s6p5d)/  [6s5p4d]  [5sd4pdd]  [4s3p3d] (6s5p4dd)/ [5s4p3d]  [4s3p3d]
Th s 5.468457 -0.158387 -0.158387 -0.158382.944324 0.651902 0.651902
3.645638 0.798282 0.798282 0.798282.962883 -1.370731 -1.370731
2.212054 1.000000 -1.233689 -1.233689.621764 1.000000 0.826350
0.483676 1.000000 1.000000 1.022242.285263 1.000000 0.663031
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Table B.2: (continued).

An (7s6p5d)/  [6s5p4d]  [5sd4pdd]  [4s3p3d] (6s5p4dd)/ [5s4p3d]  [4s3p3d]
0.231972 1.000000 1.000000 0.344893.070702 1.000000 1.000000
0.068719 1.000000 1.000000 1.00000@®.028364 1.000000 1.000000
0.027687 1.000000 1.000000 1.000000
2.809462 0.181883 0.181883 0.181882.973305 0.160561 0.160561
1.872974 -0.497845 -0.497845 -0.497848.982204 -0.411147 -0.411147
0.839119 1.000000 0.261411 0.2614110.521207 1.000000 0.696137
0.406170 1.000000 1.000000 0.6775510.228925 1.000000 0.452368
0.191253 1.000000 1.000000 0.287014.083835 1.000000 1.000000
0.080093 1.000000 1.000000 1.000000
1.064148 -0.125687 -0.125687 -0.125687.286162 -0.055464 -0.055464
0.709432 0.142746 0.142746 0.14274€.387118 0.417875 0.417875
0.349245 1.000000 1.000000 0.36128@®.150000 1.000000 1.000000
0.150000 1.000000 1.000000 1.00000@®.054712 1.000000 1.000000
0.055361 1.000000 1.000000 1.000000

0.912
0.278
0.703

Pa 5573824 -0.170750 -0.170750 -0.170758123244 0.644641 0.644641
3.715801 0.945438 0.945438 0.94543®.082163 -1.353501 -1.353501
2.409281 1.000000 -1.360165 -1.36016H.650725 1.000000 0.833832
0.510683 1.000000 1.000000 1.012922.296686 1.000000 0.648425
0.243315 1.000000 1.000000 0.3484y4€.073366 1.000000 1.000000
0.071768 1.000000 1.000000 1.00000@.029225 1.000000 1.000000
0.028658 1.000000 1.000000 1.000000
2.988180 0.168687 0.168687 0.16868B.165163 0.151755 0.151755
1.992120 -0.460546 -0.460546 -0.46054&.110109 -0.389044 -0.389044
0.819483 1.000000 0.280433 0.280433).539872 1.000000 0.693554
0.410720 1.000000 1.000000 0.652383%.235620 1.000000 0.446835
0.194468 1.000000 1.000000 0.2752810.086352 1.000000 1.000000
0.081610 1.000000 1.000000 1.000000
1.117356 -0.130854 -0.130854 -0.130854.442878 -0.046302 -0.046302
0.744904 0.175267 0.175267 0.1752670.401088 0.430372 0.430372
0.344821 1.000000 1.000000 0.37567Y2.152869 1.000000 1.000000
0.150000 1.000000 1.000000 1.00000®.055526 1.000000 1.000000
0.056053 1.000000 1.000000 1.000000

0.901
0.278
0.735
U 5.800429 -0.156268 -0.156268 -0.156268.339706 0.612438 0.612438
3.866953 0.939036 0.939036 0.93908@.226471 -1.282943 -1.282943
2.560038 1.000000 -1.353120 -1.353120.655457 1.000000 0.845180
0.535133 1.000000 1.000000 1.00085@M.302082 1.000000 0.603980
0.253494 1.000000 1.000000 0.3503210.075644 1.000000 1.000000
0.074302 1.000000 1.000000 1.00000@.029962 1.000000 1.000000
0.029483 1.000000 1.000000 1.000000
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Table B.2: (continued).

An (7s6p5d)/  [6s5p4d]  [5sd4pdd]  [4s3p3d] (6s5p4dd)/ [5s4p3d]  [4s3p3d]
3.204743 0.154087 0.154087 0.15408B.363605 0.142637 0.142637
2.136495 -0.417094 -0.417094 -0.417092.242404 -0.367635 -0.367635
0.765451 1.000000 0.335252 0.335252.561215 1.000000 0.688528
0.401216 1.000000 1.000000 0.602078.243270 1.000000 0.444956
0.193892 1.000000 1.000000 0.249671.088701 1.000000 1.000000
0.081989 1.000000 1.000000 1.000000
1.173224 -0.130632 -0.130632 -0.130632.576705 -0.040131 -0.040131
0.782149 0.194476 0.194476 0.19447®.423677 0.428020 0.428020
0.344966 1.000000 1.000000 0.390543.159540 1.000000 1.000000
0.150000 1.000000 1.000000 1.00000@®M.057249 1.000000 1.000000
0.056544 1.000000 1.000000 1.000000

0.901
0.282
0.766

Np 6.058466 -0.133771 -0.133771 -0.1337173.566512 0.578527 0.578527
4.038977 0.878468 0.878468 0.878468.377675 -1.210922 -1.210922
2.692652 1.000000 -1.298891 -1.298890.658720 1.000000 0.856603
0.558954 1.000000 1.000000 0.987907.306245 1.000000 0.560154
0.263475 1.000000 1.000000 0.35252®.077795 1.000000 1.000000
0.076690 1.000000 1.000000 1.00000@®.030667 1.000000 1.000000
0.030272 1.000000 1.000000 1.000000
3.399345 0.144804 0.144804 0.1448p8.550743 0.136005 0.136005
2.266230 -0.390894 -0.390894 -0.390892.367162 -0.351776 -0.351776
0.746834 1.000000 0.388820 0.38882M.584259 1.000000 0.684071
0.392356 1.000000 1.000000 0.5645870.251456 1.000000 0.444991
0.192425 1.000000 1.000000 0.223894.090964 1.000000 1.000000
0.082260 1.000000 1.000000 1.000000
1.222978 -0.131684 -0.131684 -0.131684.712762 -0.035549 -0.035549
0.815319 0.212357 0.212357 0.212350.445930 0.424961 0.424961
0.345970 1.000000 1.000000 0.4017Y70.165909 1.000000 1.000000
0.150000 1.000000 1.000000 1.00000@®M.058808 1.000000 1.000000
0.056895 1.000000 1.000000 1.000000

0.914
0.287
0.796

Pu 6.315949 -0.138929 -0.138929 -0.138928.727244 0.584544 0.584544
4210633 0.897498 0.897498 0.897498.484829 -1.220632 -1.220632
2.807088 1.000000 -1.319982 -1.319988P.691633 1.000000 0.867354
0.596166 1.000000 1.000000 0.974098.317994 1.000000 0.554588
0.279706 1.000000 1.000000 0.374308.080700 1.000000 1.000000
0.080209 1.000000 1.000000 1.00000@M.031608 1.000000 1.000000
0.031383 1.000000 1.000000 1.000000
3.608300 0.135678 0.135678 0.1356f&.737805 0.129243 0.129243
2.405514 -0.364063 -0.364063 -0.364062.491870 -0.335448 -0.335448
0.727022 1.000000 0.446372 0.446372.605052 1.000000 0.679906
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Table B.2: (continued).

An (7s6p5d)/  [6s5p4d]  [5sd4pdd]  [4s3p3d] (6s5p4dd)/ [5s4p3d]  [4s3p3d]
0.377916 1.000000 1.000000 0.5271610.258760 1.000000 0.444262
0.188132 1.000000 1.000000 0.192182.093075 1.000000 1.000000
0.085303 1.000000 1.000000 1.000000
1.278502 -0.129431 -0.129431 -0.129431.846905 -0.031477 -0.031477
0.852335 0.220327 0.220327 0.2203270.466803 0.421681 0.421681
0.349884 1.000000 1.000000 0.413103.171736 1.000000 1.000000
0.150000 1.000000 1.000000 1.00000@®.060170 1.000000 1.000000
0.057057 1.000000 1.000000 1.000000

0.921
0.292
0.826

Am 6.556178 -0.139519 -0.139519 -0.139519.865468 0.590748 0.590748
4.370785 0.903028 0.903028 0.903028.576977 -1.237671 -1.237671
2.913857 1.000000 -1.331147 -1.33114D.736582 1.000000 0.865220
0.632669 1.000000 1.000000 0.9645870.333784 1.000000 0.568803
0.295028 1.000000 1.000000 0.391188.083607 1.000000 1.000000
0.083492 1.000000 1.000000 1.00000@.032566 1.000000 1.000000
0.032429 1.000000 1.000000 1.000000
3.792452  0.129369 0.129369 0.12936%8.928879 0.123548 0.123548
2.528297 -0.348048 -0.348048 -0.34804&.619253 -0.321530 -0.321530
0.746079 1.000000 0.453251 0.453251.626290 1.000000 0.675916
0.385401 1.000000 1.000000 0.5191Y9.266187 1.000000 0.444135
0.191654 1.000000 1.000000 0.188158.095135 1.000000 1.000000
0.086887 1.000000 1.000000 1.000000
1.321431 -0.127391 -0.127391 -0.127391.986296 -0.027494 -0.027494
0.880954 0.230271 0.230271 0.23027Y10.487309 0.417920 0.417920
0.352730 1.000000 1.000000 0.42016®.177323 1.000000 1.000000
0.150000 1.000000 1.000000 1.00000@®M.061410 1.000000 1.000000
0.057139 1.000000 1.000000 1.000000

0.927
0.296
0.856

Cm 6.810270 -0.128364 -0.128364 -0.128364.050860 0.579446 0.579446
4540180 0.868588 0.868588 0.86858&8.700573 -1.214836 -1.214836
3.026786 1.000000 -1.304224 -1.304224€.761379 1.000000 0.868963
0.664331 1.000000 1.000000 0.955359.343839 1.000000 0.556799
0.308011 1.000000 1.000000 0.39988@®M.086291 1.000000 1.000000
0.086441 1.000000 1.000000 1.00000@®.033449 1.000000 1.000000
0.033387 1.000000 1.000000 1.000000
3.978111 0.123962 0.123962 0.123962.121704 0.118650 0.118650
2.652057 -0.334043 -0.334043 -0.334042.747803 -0.309258 -0.309258
0.766302 1.000000 0.461421 0.4614210.648847 1.000000 0.672198
0.392221 1.000000 1.000000 0.51272@®M.274020 1.000000 0.444565
0.194590 1.000000 1.000000 0.182583.097182 1.000000 1.000000
0.088251 1.000000 1.000000 1.000000
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Table B.2: (continued).

An (7s6p5d)/  [6s5p4d]  [5sd4pdd]  [4s3p3d] (6s5p4dd)/ [5s4p3d]  [4s3p3d]
d 1.368744 -0.124063 -0.124063 -0.124062.136760 -0.023835 -0.023835
0.912496 0.236201 0.236201 0.2362010.508190 0.413613 0.413613
0.356888 1.000000 1.000000 0.4268110.182870 1.000000 1.000000
0.150000 1.000000 1.000000 1.00000®.062576 1.000000 1.000000
0.057095 1.000000 1.000000 1.000000
f 0.934
0.300
g 0.886
Bk s 7.059960 -0.116655 -0.116655 -0.116658.239436 0.568745 0.568745
4706640 0.833205 0.833205 0.833202.826290 -1.193028 -1.193028
3.137760 1.000000 -1.277292 -1.27729D.786266 1.000000 0.872945
0.696913 1.000000 1.000000 0.946918.353868 1.000000 0.544984
0.321211 1.000000 1.000000 0.40818(®M.089061 1.000000 1.000000
0.089466 1.000000 1.000000 1.00000(®.034363 1.000000 1.000000
0.034370 1.000000 1.000000 1.000000
p 4.171384 0.118510 0.118510 0.11850@.323449 0.113656 0.113656
2.780903 -0.319823 -0.319823 -0.319822.882300 -0.296579 -0.296579
0.787529 1.000000 0.466936 0.466988.671303 1.000000 0.668507
0.399931 1.000000 1.000000 0.507244€.281759 1.000000 0.444802
0.197916 1.000000 1.000000 0.178442.099188 1.000000 1.000000
0.089790 1.000000 1.000000 1.000000
d 1.491810 -0.088617 -0.088617 -0.088612.292864 -0.020690 -0.020690
0.886379 0.218080 0.218080 0.21808(®M.529017 0.409081 0.409081
0.356961 1.000000 1.000000 0.42478®.188269 1.000000 1.000000
0.150000 1.000000 1.000000 1.0000p®.063656 1.000000 1.000000
0.057060 1.000000 1.000000 1.000000
f 0.940
0.305
g 0.917
Cf s 7.229916 -0.121318 -0.121318 -0.121318.325744 0.587566 0.587566
4.819944 0.859321 0.859321 0.8593212.883828 -1.239227 -1.239227
3.213296 1.000000 -1.316454 -1.316454.841984 1.000000 0.880211
0.740239 1.000000 1.000000 0.94755D.372597 1.000000 0.564639
0.338437 1.000000 1.000000 0.424727.091868 1.000000 1.000000
0.092748 1.000000 1.000000 1.00000(®.035326 1.000000 1.000000
0.035446 1.000000 1.000000 1.000000
p 4.244511 0.131441 0.131441 0.131444.498179 0.110216 0.110216
2935243 -0.325240 -0.325240 -0.32524@Q.998786 -0.287607 -0.287607
0.804472 1.000000 0.473709 0.473709.692251 1.000000 0.665588
0.406082 1.000000 1.000000 0.50060p4.288910 1.000000 0.445449
0.200757 1.000000 1.000000 0.174594€.101055 1.000000 1.000000
0.091034 1.000000 1.000000 1.000000
d 1.625009 -0.065305 -0.065305 -0.065302.451632 -0.017746 -0.017746
0.861659 0.212309 0.212309 0.212309.548467 0.404417 0.404417
0.356030 1.000000 1.000000 0.420208.193196 1.000000 1.000000
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Table B.2: (continued).

An (7s6p5d)/  [6s5p4d]  [5sd4pdd]  [4s3p3d] (6s5p4dd)/ [5s4p3d]  [4s3p3d]
0.150000 1.000000 1.000000 1.00000®.064572 1.000000 1.000000
0.056986 1.000000 1.000000 1.000000

f 0.947

0.309

g 0.947
Table B.3: Exponents and contraction coefficients of the (7s6p5d), 63d)/[6s5p4d]

{211111/21111/2111}, (7s6p5d)/[5s4p4d] {31111/3111W2Y, and (7s6p5d)/[4s3p3d]
{3211/321/311} as well as of the (6s5p4d), (6s5p4d)/[5spR1111/2111/211}, and
(6s5p4d)/[4s3p3d] {2211/221/211} GTO valence basis setstlie pentavalent (5f2,

n=2—-6 for Pa—Am) 5f-in-core PPs for actinides [30]. Additatly, the two f and one g
polarization functions are given.

An (7s6p5d)/  [6s5p4d]  [5sd4pdd]  [4s3p3d] (6s5p4dd)/ [5s4p3d]  [4s3p3d]
Pa s 6.132986 -0.143519 -0.143519 -0.14351®127304 0.681823 0.681823
4.088646 0.663319 0.663319 0.663312.084855 -1.446673 -1.446673
2.254696 1.000000 -1.159002 -1.159008.688157 1.000000 0.822992
0.539877 1.000000 1.000000 1.021778.324979 1.000000 0.693446
0.267869 1.000000 1.000000 0.3745870.079281 1.000000 1.000000
0.076827 1.000000 1.000000 1.00000@®M.031696 1.000000 1.000000
0.030796 1.000000 1.000000 1.000000
p 2956749 0.187513 0.187513 0.187513.130956 0.164099 0.164099
1.971166 -0.520341 -0.520341 -0.520342.087304 -0.423304 -0.423304
0.944512 1.000000 0.249741 0.2497410.573041 1.000000 0.690540
0.460239 1.000000 1.000000 0.676024.262503 1.000000 0.448935
0.223701 1.000000 1.000000 0.3047170.107025 1.000000 1.000000
0.098445 1.000000 1.000000 1.000000
d 1.067194 -0.170115 -0.170115 -0.1701]1%.350788 -0.058675 -0.058675
0.711463 0.276023 0.276023 0.276023.443728 0.421707 0.421707
0.313444 1.000000 1.000000 0.415618.182537 1.000000 1.000000
0.150000 1.000000 1.000000 1.00000@®M.068750 1.000000 1.000000
0.061304 1.000000 1.000000 1.000000
f 1.017
0.306
g 0.734
U s 6.504343 -0.137055 -0.137055 -0.137(058.314919 0.667464 0.667464
4336140 0.637144 0.637144 0.637144.209946 -1.417182 -1.417182
2.377876 1.000000 -1.130446 -1.130446.720259 1.000000 0.815427
0.568155 1.000000 1.000000 1.009197.338400 1.000000 0.688409
0.280307 1.000000 1.000000 0.3807510.082149 1.000000 1.000000
0.079813 1.000000 1.000000 1.00000®.032626 1.000000 1.000000
0.031760 1.000000 1.000000 1.000000
p 3.160687 0.170241 0.170241 0.17024B.304717 0.155767 0.155767
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Table B.3: (continued).

An (7s6p5d)/  [6s5p4d]  [5sd4pdd]  [4s3p3d] (6s5p4dd)/ [5s4p3d]  [4s3p3d]
2.107125 -0.462405 -0.462405 -0.462402.203145 -0.403076 -0.403076
0.835051 1.000000 0.307285 0.30728%.593567 1.000000 0.685730
0.444334 1.000000 1.000000 0.6180Y2.270298 1.000000 0.446659
0.221145 1.000000 1.000000 0.27381%.109845 1.000000 1.000000
0.097624 1.000000 1.000000 1.000000
1.110195 -0.168355 -0.168355 -0.16835%.460411 -0.051845 -0.051845
0.740130 0.292639 0.292639 0.292639.466334 0.420431 0.420431
0.316760 1.000000 1.000000 0.427352.190023 1.000000 1.000000
0.150000 1.000000 1.000000 1.00000@®M.070892 1.000000 1.000000
0.061693 1.000000 1.000000 1.000000

0.975
0.301
0.762

Np 6.821741 -0.133147 -0.133147 -0.133143.445732 0.675578 0.675578
4547828 0.631925 0.631925 0.631923.297155 -1.457351 -1.457351
2.515128 1.000000 -1.119127 -1.11912D.820301 1.000000 0.767844
0.593735 1.000000 1.000000 1.0023470.366318 1.000000 0.768379
0.291083 1.000000 1.000000 0.379999.085724 1.000000 1.000000
0.082683 1.000000 1.000000 1.00000@®M.033821 1.000000 1.000000
0.032691 1.000000 1.000000 1.000000
3.315850 0.163057 0.163057 0.16305B.430082 0.150405 0.150405
2.210567 -0.442359 -0.442359 -0.442352.286721 -0.394064 -0.394064
0.831837 1.000000 0.335681 0.3356810.622849 1.000000 0.675053
0.446741 1.000000 1.000000 0.594773.281444 1.000000 0.456797
0.223742 1.000000 1.000000 0.261454.112495 1.000000 1.000000
0.098741 1.000000 1.000000 1.000000
1.172505 -0.166827 -0.166827 -0.1668271.574459 -0.048339 -0.048339
0.781670 0.295898 0.295898 0.295898).488698 0.418756 0.418756
0.324572 1.000000 1.000000 0.44269®.197216 1.000000 1.000000
0.150000 1.000000 1.000000 1.00000@®.072854 1.000000 1.000000
0.061817 1.000000 1.000000 1.000000

0.956
0.302
0.790

Pu 7.352458 -0.116471 -0.116471 -0.116473.705929 0.629616 0.629616
4.901638 0.549019 0.549019 0.549019.470619 -1.344135 -1.344135
2.612308 1.000000 -1.039983 -1.039988®.785316 1.000000 0.788786
0.620947 1.000000 1.000000 0.98837®.365895 1.000000 0.685647
0.302882 1.000000 1.000000 0.384797.088023 1.000000 1.000000
0.085489 1.000000 1.000000 1.00000@.034539 1.000000 1.000000
0.033617 1.000000 1.000000 1.000000
3.523566 0.151036 0.151036 0.151036.661456 0.141643 0.141643
2.349044 -0.407907 -0.407907 -0.407902.440971 -0.368101 -0.368101
0.808614 1.000000 0.380308 0.380308.636395 1.000000 0.677317
0.439947 1.000000 1.000000 0.55498%.286380 1.000000 0.443669
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Table B.3: (continued).
An (7s6p5d)/  [6s5p4d]  [5sd4pdd]  [4s3p3d] (6s5p4dd)/ [5s4p3d]  [4s3p3d]
0.223619 1.000000 1.000000 0.242489.115306 1.000000 1.000000
0.098586 1.000000 1.000000 1.000000
1.227089 -0.157613 -0.157613 -0.157613.689265 -0.042046 -0.042046
0.818059 0.291867 0.291867 0.291860.510712 0.416310 0.416310
0.337965 1.000000 1.000000 0.440724.204181 1.000000 1.000000
0.154987 1.000000 1.000000 1.00000M.074681 1.000000 1.000000
0.063342 1.000000 1.000000 1.000000
0.952
0.305
0.819
Am 7.733388 -0.113694 -0.113694 -0.113693.928284 0.612700 0.612700
5.155592 0.536989 0.536989 0.536982.618856 -1.299944 -1.299944
2.739680 1.000000 -1.025253 -1.025258.785344 1.000000 0.815675
0.650629 1.000000 1.000000 0.979389.370235 1.000000 0.634612
0.315622 1.000000 1.000000 0.39016%.090678 1.000000 1.000000
0.088756 1.000000 1.000000 1.00000.035387 1.000000 1.000000
0.034674 1.000000 1.000000 1.000000
3.727995 0.141694 0.141694 0.1416948.849157 0.134723 0.134723
2.485330 -0.380163 -0.380163 -0.380162.566105 -0.350564 -0.350564
0.785834 1.000000 0.440094 0.440094.657137 1.000000 0.673531
0.423760 1.000000 1.000000 0.514598.294044 1.000000 0.441799
0.218808 1.000000 1.000000 0.213989.117875 1.000000 1.000000
0.096512 1.000000 1.000000 1.000000
1.295391 -0.150139 -0.150139 -0.1501{392.807675 -0.038149 -0.038149
0.863594 0.281570 0.281570 0.2815Y®.532299 0.413741 0.413741
0.355154 1.000000 1.000000 0.43796M.210843 1.000000 1.000000
0.161330 1.000000 1.000000 1.00000.076355 1.000000 1.000000
0.065160 1.000000 1.000000 1.000000
0.952
0.310
0.847
Table B.4: Exponents and contraction coefficients of the (7s6p5d), 6[3d)/[6s5p4d]

{211111/21111/2111}, (7s6p5d)/[5sd4p4d] {31111/3111W2}Y and (7s6p5d)/[4s3p3d]
{3211/321/311} as well as of the (6s5p4d), (6s5p4d)/[5spR1111/2111/211}, and
(6s5p4d)/[4s3p3d] {2211/221/211} GTO valence basis setstlie hexavalent (3f3,

n=3-6 for U-Am) 5f-in-core PPs for actinides [30]. Additidlyathe two f and one g
polarization functions are given.

An (7s6p5d)/  [6s5p4d]  [5s4p4d]  [4s3p3d] (6s5p4d)/  [5s4p3d]  [4s3p3d]

u 5777619 -0.224778 -0.224778 -0.224778.965398 0.942263 0.942263
3.851500 1.181527 1.181527 1.1815271.976431 -2.250561 -2.250561
2.499039 1.000000 -1.653779 -1.6537[72.087315 1.000000 1.074213
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Table B.4: (continued).

An (7s6p5d)/  [6s5p4d]  [5sd4pdd]  [4s3p3d] (6s5p4dd)/ [5s4p3d]  [4s3p3d]
0.597383 1.000000 1.000000 1.0507470.407198 1.000000 0.963501
0.303537 1.000000 1.000000 0.3900810.090236 1.000000 1.000000
0.085200 1.000000 1.000000 1.00000®.036147 1.000000 1.000000
0.033918 1.000000 1.000000 1.000000
5.053602 -0.019953 -0.019953 -0.019953.215541 0.173929 0.173929
3.369068 0.225455 0.225455 0.225453.143694 -0.450876 -0.450876
2.246046 1.000000 -0.471844 -0.471844€.628030 1.000000 0.683015
0.614521 1.000000 1.000000 0.691787.297698 1.000000 0.455291
0.292693 1.000000 1.000000 0.4379Y®.128416 1.000000 1.000000
0.127542 1.000000 1.000000 1.000000
1.090623 -0.170429 -0.170429 -0.170429.347682 -0.059524 -0.059524
0.727082 0.327830 0.327830 0.32783®M.510652 0.411309 0.411309
0.324934 1.000000 1.000000 0.4269110.219840 1.000000 1.000000
0.160567 1.000000 1.000000 1.00000@.083802 1.000000 1.000000
0.067945 1.000000 1.000000 1.000000

1.199
0.356
0.766

Np 6.270359 -0.192963 -0.192963 -0.192963.171367 0.885207 0.885207
4.179579 0.968049 0.968049 0.968042.114245 -2.070958 -2.070958
2.568653 1.000000 -1.461026 -1.461026.104517 1.000000 0.967041
0.627355 1.000000 1.000000 1.031224.422014 1.000000 0.951448
0.317619 1.000000 1.000000 0.4015210.093268 1.000000 1.000000
0.088178 1.000000 1.000000 1.00000@®.037118 1.000000 1.000000
0.034900 1.000000 1.000000 1.000000
5.305896 -0.017012 -0.017012 -0.017013.391119 0.165078 0.165078
3.537264 0.209254 0.209254 0.20925£2.260746 -0.428221 -0.428221
2.358176 1.000000 -0.446389 -0.446389.647970 1.000000 0.678711
0.635597 1.000000 1.000000 0.6870270.305647 1.000000 0.451108
0.300929 1.000000 1.000000 0.435738.131542 1.000000 1.000000
0.130713 1.000000 1.000000 1.000000
1.127203 -0.165108 -0.165108 -0.165108.436375 -0.052455 -0.052455
0.751468 0.337442 0.337442 0.337442.532570 0.409933 0.409933
0.331220 1.000000 1.000000 0.42955%.227582 1.000000 1.000000
0.162417 1.000000 1.000000 1.00000@®.086071 1.000000 1.000000
0.068661 1.000000 1.000000 1.000000

1.066
0.329
0.795

Pu 6.824056 -0.165622 -0.165622 -0.165622424235 0.809925 0.809925
4.549333 0.806186 0.806186 0.8061862.282824 -1.842262 -1.842262
2.665742 1.000000 -1.305994 -1.305994.089376 1.000000 0.845177
0.651837 1.000000 1.000000 1.0164810.433681 1.000000 0.924309
0.328159 1.000000 1.000000 0.39989%.096549 1.000000 1.000000
0.091144 1.000000 1.000000 1.00000@.038120 1.000000 1.000000
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Table B.4: (continued).
An (7s6p5d)/  [6s5p4d]  [5sd4pdd]  [4s3p3d] (6s5p4dd)/ [5s4p3d]  [4s3p3d]
0.035874 1.000000 1.000000 1.000000
5.563405 -0.012302 -0.012302 -0.012303.591427 0.155230 0.155230
3.708937 0.187517 0.187517 0.1875172.394284 -0.402625 -0.402625
2.472624 1.000000 -0.416448 -0.416448.667857 1.000000 0.673726
0.658940 1.000000 1.000000 0.67945%.313485 1.000000 0.446390
0.310025 1.000000 1.000000 0.436073.134646 1.000000 1.000000
0.133880 1.000000 1.000000 1.000000
1.177699 -0.155539 -0.155539 -0.155539.526316 -0.045974 -0.045974
0.785133 0.331259 0.331259 0.331259.554588 0.408291 0.408291
0.345487 1.000000 1.000000 0.426459.235205 1.000000 1.000000
0.168585 1.000000 1.000000 1.00000@®.088229 1.000000 1.000000
0.070697 1.000000 1.000000 1.000000
1.032
0.327
0.823
Am 7.328600 -0.149786 -0.149786 -0.1497188.676233 0.749578 0.749578
4.885732 0.712613 0.712613 0.712612.450822 -1.659002 -1.659002
2.762048 1.000000 -1.217373 -1.217373.036368 1.000000 0.784016
0.679956 1.000000 1.000000 1.0047110.439234 1.000000 0.867115
0.340677 1.000000 1.000000 0.40349®M.099186 1.000000 1.000000
0.094277 1.000000 1.000000 1.00000@®.038906 1.000000 1.000000
0.036909 1.000000 1.000000 1.000000
5.806696 -0.008625 -0.008625 -0.008628.779297 0.147744 0.147744
3.871130 0.170603 0.170603 0.170602.519531 -0.382953 -0.382953
2.580754 1.000000 -0.392918 -0.392918.688466 1.000000 0.670314
0.682076 1.000000 1.000000 0.6741210.321509 1.000000 0.442971
0.319005 1.000000 1.000000 0.436164.137679 1.000000 1.000000
0.136981 1.000000 1.000000 1.000000
1.214926 -0.149320 -0.149320 -0.149320.591694 -0.041863 -0.041863
0.809950 0.330653 0.330653 0.330653.574192 0.407967 0.407967
0.356055 1.000000 1.000000 0.4238Y2.241895 1.000000 1.000000
0.173127 1.000000 1.000000 1.00000@.090084 1.000000 1.000000
0.072173 1.000000 1.000000 1.000000
1.014
0.327

0.849
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Table B.5: Energy differences (in eV) between finite-difference [SBfialivalent (5f+!, n=5-13
for Pu—No;@ = 10) PP HF calculations [57] using (4s4p) and (5s5p) as well sS{{é&d)
and (7s6p5d) valence basis sets to calculate the confignsafirt™: 6s*6p® and An:
6s’6p°6d' 78, respectively [29]. For the tetravalent (5f', n=1-9 for Th-Cf;Q =
12) PPs the energy differences between finite-difference @dHP calculations using
(4s4p3d) and (5s5p4d) as well as (6s5p4d) and (7s6p5d)oelegsis sets to calculate
the configurations At: 65*6p°6d' and An: 636p°6c#7<* are given, respectively [29].

Q=10 Q=12
An?t: 65°6p° An: 6s’6p°6d' 7' An3t: 6s°6p°6d! An: 6576p°6° 7

An (4s4p)  (5s5p)  (6sbp4d)  (7s6p5d)  (4s4p3d)  (5s5p4d)  @&Bbp (7s6p5d)
Th 0.088 0.030 0.084 0.025
Pa 0.091 0.027 0.089 0.025
U 0.088 0.028 0.085 0.028
Np 0.088 0.031 0.083 0.034
Pu 0.059 0.007 0.066 0.011 0.098 0.034 0.092 0.039
Am 0.060 0.008 0.070 0.012 0.107 0.039 0.101 0.045
Cm 0.062 0.010 0.074 0.014 0.115 0.047 0.109 0.055
Bk 0.069 0.012 0.084 0.017 0.127 0.058 0.119 0.068
Cf 0.078 0.014 0.096 0.019 0.140 0.065 0.132 0.077
Es 0.079 0.019 0.102 0.025

Fm 0.087 0.022 0.115 0.029

Md 0.095 0.025 0.130 0.033

No 0.105 0.026 0.145 0.035

Table B.6: Energy differences (in eV) between finite-difference [56¢ pentavalent (3f2, n=2—
6 for Pa—Am;(Q = 13) PP HF calculations [57] using (4s4p3d) and (5s5p4d) as agell
(6s5p4d) and (7s6p5d) valence basis sets to calculate tifigetions AdT: 6526p°6d!
and An: 686p°6d®7<, respectively [30]. For the hexavalent(5f, n=3—6 for U-Am;
@ = 14) PPs the energy differences between finite-difference &dPcalculations us-
ing (4s4p3d) and (5s5p4d) as well as (6s5p4d) and (7s6pthombasis sets to calculate
the configurations At: 6s26p°6d' and An: 636p°6d'7s are given, respectively [30].

Q=13 Q=14
An*t: 6s26p°6d! An: 6576p°6d°7< An°t: 6s°6p°6d! An: 6s°6p°6d'7s

An (4s4p3d) (5sb5p4d) (6s5p4d) (7s6p5d) (4s4p3d) (5s5p4dsbSpdd)  (7s6p5d)
Pa 0.089 0.012 0.103 0.021
U 0.087 0.011 0.100 0.020 0.120 0.021 0.153 0.040
Np 0.086 0.011 0.097 0.019 0.113 0.023 0.145 0.042
Pu 0.079 0.011 0.090 0.019 0.106 0.025 0.139 0.045
Am 0.080 0.011 0.091 0.020 0.104 0.028 0.139 0.049




Table B.7: Energy differences (in eV) between finite-difference [Saflalivalent (5¢*!, n=5-13 for Pu—NofQ = 10) PP HF calculations [52] using

(6s5p4d)/[4s3p3d], (6s5p4d)/[5s4p3d], (7s6p5d)/[4s3pFs6p5d)/[5s4p4d], and (7s6p5d)/[6s5p4d] valencésksets to calculate the con-
figuration An: 636p°6d' 7s' [29]. For the tetravalent (3f 1, n=1-9 for Th—Cf;QQ = 12) PPs the energy differences between finite-difference
and PP HF calculations using these valence basis sets tdatalthe configuration An: 68p°6d?7<* are given [29].

Q=10 Q=12
(6s5p4d)/ (7s6p5d)/ (6s5p4d)/ (7s6p5d)/

An  [4s3p3d] [5s4p3d] [4s3p3d] [5s4p4d] [6s5p4d] [4s3p3d] 5s4p3d] [4s3p3d] [5s4p4d] [6s5p4d]
Th 0.122 0.117 0.057 0.057 0.026
Pa 0.127 0.120 0.057 0.056 0.026
U 0.118 0.113 0.058 0.056 0.029
Np 0.112 0.108 0.061 0.060 0.035
Pu 0.081 0.071 0.024 0.015 0.011 0.124 0.117 0.068 0.065 00.04
Am 0.085 0.074 0.026 0.016 0.012 0.135 0.126 0.077 0.071 60.04
Cm 0.090 0.078 0.029 0.019 0.015 0.143 0.132 0.087 0.080 60.05
Bk 0.102 0.088 0.034 0.021 0.017 0.153 0.142 0.100 0.093 90.06
Cf 0.118 0.100 0.040 0.024 0.020 0.172 0.157 0.115 0.104 90.07
Es 0.122 0.106 0.044 0.029 0.025

Fm 0.138 0.119 0.051 0.033 0.029

Md 0.155 0.134 0.058 0.038 0.034

No 0.177 0.150 0.066 0.041 0.035
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Table B.8: Energy differences (in eV) between finite-difference [SBligentavalent (3f 2, n=2—6 for Pa—Am;Q = 13) PP HF calculations [52]

using (6s5p4d)/[4s3p3d], (6s5p4d)/[5s4p3d], (7s6pB8dPp3d], (7s6p5d)/[5s4p4d], and (7s6p5d)/[6s5p4d] wadrasis sets to calculate the
configuration An: 6%6p°6d7s’ [30]. For the hexavalent (3f3, n=3-6 for U-Am;Q = 14) PPs the energy differences between finite-
difference and PP HF calculations using these valence betsito calculate the configuration An26p°6d*7s* are given [30].

Q=13 Q=14
(6s5p4d)/ (7s6p5d)/ (6s5p4d)/ (7s6p5d)/

An  [4s3p3d] [5s4p3d] [4s3p3d] [5s4p4d] [6s5p4d] [4s3p3d] 5s4p3d] [4s3p3d] [5s4p4d] [6s5p4d]

Pa 0.164 0.159 0.075 0.075 0.023

U 0.157 0.152 0.071 0.071 0.022 0.324 0.249 0.125 0.124 0.044
Np 0.157 0.148 0.068 0.067 0.021 0.290 0.236 0.121 0.120 60.04
Pu 0.139 0.134 0.064 0.063 0.021 0.251 0.220 0.115 0.115 80.04
Am 0.137 0.132 0.063 0.062 0.021 0.228 0.212 0.114 0.114 10.05

T9T
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Table B.9: Exponents and contraction coefficients of the (7s6p5d), 6{3d)/[6s5p4d]
{211111/21111/2111}, (7s6p5d)/[5s4p4d] {31111/2211W2}, and (7s6p5d)/[4s3p3d]
{3211/411/311} as well as of the (6s5p4d), (6s5p4d)/[5s)p21111/2111/211}, and

(6s5p4d)/[4s3p3d] {3111/311/211} GTO valence basis “%séts the tetravalent (4f 1,
n=1-3, 8, 9 for Ce—Nd, Th, Dy) 4f-in-core PPs for lanthanid®][ Additionally, the two f
and one g polarization functions are given.

Ln (7s6p5d)/  [6s5p4d] [5s4p4d] [4s3p3d] (6s5p4d)/ [5s4p3d]  [4s3p3d]
Ce 6.498173 -0.164521 -0.164521 -0.164523.333203 0.640046 0.640046
4.332116 0.712041 0.712041 0.712041.222136 -1.317178 -1.317178
2.454114 1.000000 -1.120622 -1.12062P.658203 1.000000 0.790993
0.521019 1.000000 1.000000 0.982403.301946 1.000000 1.000000
0.248300 1.000000 1.000000 0.364449.062055 1.000000 1.000000
0.064112 1.000000 1.000000 1.00000@®.025345 1.000000 1.000000
0.025705 1.000000 1.000000 1.000000
3.656443 0.155547 0.155547  0.155548.783090 0.145862 0.145862
2.437629 -0.411357 -0.411357 -0.411352.522060 -0.373683 -0.373683
0.804966 1.000000 0.369656 0.36965®.623777 1.000000 0.677334
0.420218 1.000000 0.581143 0.581143.266554 1.000000 1.000000
0.204082 1.000000 1.000000 1.00000@®.092153 1.000000 1.000000
0.083900 1.000000 1.000000 1.000000
1.454210 -0.209427 -0.209427 -0.20942T7.937939 -0.067371 -0.067371
0.969473 0.297463  0.297463  0.297463.527082 0.453919 0.453919
0.358359 1.000000 1.000000 0.485714.190426 1.000000 1.000000
0.150000 1.000000 1.000000 1.00000@®.066784 1.000000 1.000000
0.060100 1.000000 1.000000 1.000000
0.992
0.324
0.835
Pr 6.764679 -0.156672 -0.156672 -0.156672.498540 0.622914 0.622914
4509786 0.696973 0.696973 0.6969Y32.332360 -1.286578 -1.286578
2.576083 1.000000 -1.103512 -1.10351P.683341 1.000000 0.784805
0.542333 1.000000 1.000000 0.974049.312246 1.000000 1.000000
0.257175 1.000000 1.000000 0.36606@M.063938 1.000000 1.000000
0.066033 1.000000 1.000000 1.00000@®.025982 1.000000 1.000000
0.026344 1.000000 1.000000  1.000000
3.839265 0.148110 0.148110 0.14811@.000062 0.139431 0.139431
2.559510 -0.394349 -0.394349 -0.394342.666708 -0.357004 -0.357004
0.826273 1.000000 0.378055 0.37805%.642891 1.000000 0.677207
0.429633 1.000000 0.572263 0.572263.273219 1.000000 1.000000
0.208455 1.000000 1.000000 1.00000@®.094304 1.000000 1.000000
0.085533 1.000000 1.000000 1.000000
1.495839 -0.235458 -0.235458 -0.235458.088603 -0.061917 -0.061917
1.048004 0.325735 0.325735 0.32573%.549009 0.450503 0.450503
0.369529 1.000000 1.000000 0.493464.196381 1.000000 1.000000
0.151566 1.000000 1.000000 1.00000@®.068210 1.000000 1.000000
0.060333 1.000000 1.000000 1.000000
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Table B.9: (continued).

Ln (7s6p5d)/  [6s5p4d] [5s4p4d] [4s3p3d] (6s5p4d)/ [5s4p3d]  [4s3p3d]
f 0.995
0.327
g 0.866
Nd s 7.125040 -0.139986 -0.139986 -0.139988.670677 0.598862 0.598862
4750027 0.637428 0.637428 0.63742@.447118 -1.247317 -1.247317
2.687669 1.000000 -1.045597 -1.04559D.717401 1.000000 0.760311
0.561486 1.000000 1.000000 0.964707.325254 1.000000 1.000000
0.264971 1.000000 1.000000 0.36477®.065757 1.000000 1.000000
0.067869 1.000000 1.000000 1.00000@®.026615 1.000000 1.000000
0.026954 1.000000 1.000000 1.000000
p 4.039866 0.139883 0.139883 0.139883.222577 0.132128 0.132128
2.693244 -0.375612 -0.375612 -0.3756[12.815051 -0.340008 -0.340008
0.850954 1.000000 0.382121 0.3821210.665613 1.000000 0.673530
0.440767 1.000000 0.565268 0.56526&.281142 1.000000 1.000000
0.213406 1.000000 1.000000 1.00000@®.096418 1.000000 1.000000
0.087318 1.000000 1.000000 1.000000
d 1.685274 -0.153534 -0.153534 -0.153532.250932 -0.056678 -0.056678
1.003460 0.259724 0.259724 0.259724€.571488 0.446659 0.446659
0.375777 1.000000 1.000000 0.48631®.202338 1.000000 1.000000
0.154095 1.000000 1.000000 1.00000@®.069586 1.000000 1.000000
0.061077 1.000000 1.000000 1.000000
f 1.007
0.332
g 0.899
Tbh s 8.864395 -0.091411 -0.091411 -0.091414.733798 0.497666 0.497666
5.909597 0.468468 0.468468 0.468468.155865 -1.036011 -1.036011
3.249746  1.000000 -0.881094 -0.881094.742729 1.000000 0.837221
0.677911 1.000000 1.000000 0.91882@M.343473 1.000000 1.000000
0.313284 1.000000 1.000000 0.38301®.077122 1.000000 1.000000
0.078044 1.000000 1.000000 1.00000@®.030207 1.000000 1.000000
0.030329 1.000000 1.000000 1.000000
p 5.135357 0.109188 0.109188 0.10918%.350305 0.105396 0.105396
3.417168 -0.299934 -0.299934 -0.299938.566870 -0.276891 -0.276891
0.953081 1.000000 0.422822 0.422822.787431 1.000000 0.656596
0.483900 1.000000 0.521816 0.52181®.322548 1.000000 1.000000
0.234632 1.000000 1.000000 1.00000@®.106344 1.000000 1.000000
0.094850 1.000000 1.000000 1.000000
d 2.486442 -0.069396 -0.069396 -0.069398.116672 -0.038069 -0.038069
0.999118 0.235607 0.235607 0.235607.685808 0.425550  0.425550
0.403325 1.000000 1.000000 0.4571610.230483 1.000000 1.000000
0.164460 1.000000 1.000000 1.00000@®.075422 1.000000 1.000000
0.063727 1.000000 1.000000 1.000000
f 1.092

0.356
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Table B.9: (continued).
Ln (7s6p5d)/  [6s5p4d] [5s4p4d] [4s3p3d] (6s5p4d)/ [5s4p3d]  [4s3p3d]
g 1.062
Dy s 9.036326 -0.086301 -0.086301 -0.086304.946819 0.485099 0.485099
6.024218 0.475836 0.475836  0.4758363.297879 -1.011025 -1.011025
3.405647 1.000000 -0.885180 -0.885180.758794 1.000000 0.844454
0.700604 1.000000 1.000000 0.914258.349639 1.000000 1.000000
0.322309 1.000000 1.000000 0.382143.079463 1.000000 1.000000
0.080304 1.000000 1.000000 1.00000@®.030956 1.000000 1.000000
0.031066 1.000000 1.000000 1.000000
p 5.376580 0.102722 0.102722 0.102725.580222 0.101635 0.101635
3.555459 -0.287060 -0.287060 -0.287063.720148 -0.267577 -0.267577
0.974988 1.000000 0.433087 0.4330870.813232 1.000000 0.653770
0.489507 1.000000 0.517024 0.517024.331161 1.000000 1.000000
0.236874 1.000000 1.000000 1.00000@®.108282 1.000000 1.000000
0.096092 1.000000 1.000000 1.000000
d 2.628502 -0.064009 -0.064009 -0.064008.296408 -0.035489 -0.035489
1.020405 0.235625 0.235625 0.23562%.708915 0.421208 0.421208
0.410965 1.000000 1.000000 0.453028.235803 1.000000 1.000000
0.166876 1.000000 1.000000 1.00000@®.076403 1.000000 1.000000
0.064225 1.000000 1.000000 1.000000
f 1.113
0.361
g 1.096

“The valence basis sets were optimized by M. Hilsen.

Table B.10: Energy differences (in eV) between finite-difference [Saildetravalent (4f !, n=1—
3, 8, 9 for Ce—Nd, Th, Dy) PP HF calculations [57] using (4)p&nd (5s5p4d) as
well as (6s5p4d) and (7s6p5d) valence basis sets to cadhlatconfigurations Lit:
585p°5d" and Ln: 585p°5cP6<°, respectively [28].

Ln3+: 5825p05d!

Ln: 585p°5d?6¢

Ln (4s4p3d) (5s5p4d) (6s5p4d) (7s6p5d)
Ce 0.149 0.021 0.146 0.026
Pr 0.144 0.019 0.138 0.024
Nd 0.135 0.018 0.126 0.022
Tb 0.133 0.017 0.110 0.021
Dy 0.138 0.019 0.112 0.022
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Table B.11: Energy differences (in eV) between finite-difference [55jdatetravalent (4f !,
n=1-3, 8, 9 for Ce—Nd, Tb, Dy) PP HF calculations [52] using5{&&d)/[4s3p3d],
(6s5p4d)/[5s4p3d], (7s6p5d)/[4s3p3d], (7s6p5d)/[Sshpdnd (7s6p5d)/[6s5p4d] va-
lence basis sets to calculate the configuration LRSS 26> [28].

(6s5p4d)/ (7s6p5d)/
Ln [4s3p3d] [5s4p3d] [4s3p3d] [5s4p4d] [6s5p4d]
Ce 0.188 0.167 0.064 0.047 0.027
Pr 0.181 0.158 0.061 0.043 0.025
Nd 0.168 0.144 0.056 0.039 0.023
Tb 0.193 0.123 0.053 0.034 0.022
Dy 0.203 0.124 0.054 0.035 0.023

Table B.12: Exponents and contraction coefficients (coeff.) of the {B440d8f69)/[6s6p5d4f3g] gen-
eralized contracted ANO valence basis®set the 5f-in-valence MCDHF/DCB PP for

uranium [16].

Exponents Coeff. Coeff. Coeff. Coeff. Coeff. Coeff.
s 29520.8340 0.000044 -0.000033 0.000014 -0.000040 -05m0 -0.000106
4449.8874 0.000320 -0.000252 0.000103 -0.000298 -0.@033.000790
1018.7754 0.001395 -0.001015 0.000411 -0.001259 -0.0D174.003263
289.5348 0.002814 -0.002415 0.001004 -0.002775 -0.002574007528
46.9990 0.096435 -0.039561 0.014267 -0.050598 -0.114002096221
33.5707 -0.487967 0.218831 -0.081043 0.253466 0.460601485831
23.9791 0.807508 -0.397990 0.150715 -0.440238 -0.667382882533
10.1441 -1.127504 0.664738 -0.259766 0.745253 0.973604727216
2.7658 1.060527 -1.013418 0.420775 -1.600118 -2.866306334892
1.4570 0.400292 -0.393365 0.189368 0.109425 2.637145 471352
0.6151 0.016450 0.904344 -0.540005 2.867628 0.781971 07%5b
0.2780 -0.000219 0.518022 -0.412368 -2.240568 -2.330988807540
0.0570 -0.000042 0.073065 0.784983 -0.564799 2.737967837164
0.0233 -0.000176 0.029494 0.424189 1.005222 -1.958184 66838

p 499.7488 0.000219 -0.000127 0.000103 -0.000219 -0.059.000338
114.0192 0.001190 -0.000643 0.000473 -0.000353 0.001246002000
21.9088 -0.042782 0.018120 -0.011387 -0.018092 -0.195746062289
15.6492 0.324353 -0.166453 0.121930 -0.055835 0.559357603816
11.1780 -0.511529 0.306811 -0.234776 0.157684 -0.775626392522
7.9843 -0.071299 -0.014845 0.011640 0.140305 0.968111 08885
3.1325 0.704008 -0.476924 0.408928 -0.907514 -2.680683933231
1.6077 0.465061 -0.276612 0.240978 0.013107 2.940086 69686
0.7061 0.054229 0.480908 -0.888499 1.811441 -0.333255 8363B
0.3229 -0.001819 0.615543 -0.081066 -1.372113 -2.202348876290
0.1329 0.002302 0.158324 0.350416 -1.074410 3.526594 196B4
0.0800 -0.001129 -0.005358 0.613368 1.296881 -1.910003903616
0.0271 0.000143 0.003348 0.144497 0.249768 -0.256716 04685




166 CHAPTERB BASIS SETS

Table B.12: (continued).
Exponents Coeff. Coeff. Coeff. Coeff. Coeff. Coeff.
d 258.1524 0.000136 -0.000042 -0.000027 -0.000293 -0%DOO
75.1703 0.001076 -0.000450 -0.001045 0.003467 -0.001967
20.7869 0.012136 -0.003939 -0.004760 -0.009267 -0.010974
7.6295 -0.229921 0.084412 0.128096 -0.010746 0.427668
5.5167 0.278231 -0.113456 -0.162964 -0.060234 -0.708332
2.6058 0.551975 -0.213270 -0.463388 1.266130 -1.037124
1.2781 0.377844 -0.100722 -0.054235 -1.508105 2.617986
0.5617 0.074069 0.321783 1.072575 0.062980 -2.545826
0.2135 0.000082 0.561639 -0.281443 1.054738 1.686553
0.0719 0.000484 0.344991 -0.608317 -0.898798 -0.787351
f 59.3666 0.001424 -0.001690 -0.002261 -0.000347
20.3890 0.011120 -0.011132 -0.018893 0.030982
8.1761 0.041970 -0.050308 -0.067853 -0.008213
3.5111 0.207732 -0.221735 -0.414443 0.721303
1.6789 0.370755 -0.378340 -0.431246 -0.469218
0.7604 0.373775 -0.013232 1.002423 -0.747053
0.3170 0.252996 0.525098 -0.036904 1.376481
0.1149 0.097955 0.473370 -0.612297 -0.944182
g 59.3666 0.001014 0.003561 -0.000733
20.3890 0.011848 0.028234 -0.075550
8.1761 0.039302 0.137274 -0.064958
3.5111 0.124196 0.304284 -1.260170
1.6789 0.233870 0.787343 1.661908
0.7604 0.684875 -0.903712 -0.787501
“The valence basis set was optimized by X. Cao.




Appendix C

Test Calculations and Applications

Table C.1: Firstand second IPs (in eV) for the actinides, where the &fipation stays constant, from
5f-in-core LPP CCSD(T) calculations [52] with and withosing CPPs in comparison to
experimental [59-61] and SPP multi-reference ACPF calicuia without SO coupling at
the basis set limit [21], respectively. In the LPP calcaas (7s6p5d2f1g) basis sets were
applied. Additionally, the m.a.e. (in eV) and m.r.e. areegiwith respect to experimental
and SPP data for lPand IR, respectively.

Py 1Py
An LPP CpPP Exp. LPP CPP SPP
Ac 4.99 4.94 5.1#0.12 11.68 11.71 11.780.19
Th 6.11 6.15 6.31
Pa 5.13 5.09 5.900.12 12.51 12.67 12.07
u 5.13 5.09 6.19
Np 6.19 6.24 6.27
Pu 5.77 5.89 6.03 11.28 11.54 11.55
Am 5.84 5.97 5.97 11.43 11.69 11.71
Cm 4.92 4.94 5.99
Bk 5.98 6.10 6.20 11.72 11.98 11.97
Cf 6.05 6.17 6.28 11.86 12.11 12.04
Es 6.12 6.24 6.37 12.02 12.25 12.20
Fm 6.19 6.30 6.5€0.07 12.16 12.39 12.38
Md 6.26 6.37 6.58 12.31 12.53 12.46
No 6.33 6.44 6.65 12.45 12.64 12.58
Lr 3.42 3.43 3.97 14.24 14.35 14.24
m.a.e. 0.40 0.33 0.20 0.10
m.r.e. 6.8% 5.8% 1.7% 0.8%

2L PP calculations using CPPs.
PExperimental value.
¢SPP calculation using the standard basis set (14s13p1g)d8&6p5d4f3g].

4SPP CCSD(T) value.
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Table C.2: Experimentally observed ground states [71] and AE WB endifjgrences (in eV) be-
tween these ground states and the lowest valence substatspmnding to di- (3f1,
n=5-13 for Pu-No) [29], tri- (5, n=0-14 for Ac—Lr) [54], and tetravalent (5f !, n=1—
9 for Th—Cf) [29] 5f-in-core LPPs, respectively.

Ground State 3f16826p°7¢ 5f"6s26p°6d! 78 5~ 1l6g6p’6d? 78

An Configuration Term  Term  AE® Tern? AE¢ Term AE?
Ac 5f%6d'7¢ °D ’D 0.00

Th 506278 3F SH 1.31 3k 0.00
Pa 5f6d'7¢ ‘1K 1K 0.00 7 0.06
U 5f6d7¢ 5L 5L 0.00 5L 1.08
Np 5f6d!7¢ 5L 6L 0.00 S M 1.49
Pu 5f7¢ F F 0.00 K -0.32 M 1.74
Am 5778 85 88 0.00 8H 1.54 8L 5.12
Cm 5f6d'7¢ 9D F 2.68 9D 0.00 9 5.37
Bk 5f7¢ SH SH 0.00 8G op -0.04
Cf 5f107¢ 5T 5] 0.00 K 1.19 i 3.93
Es 5f17¢ a7 a7 0.00 61

Fm 5278 3SH SH 0.00 5L 1.70

Md 5f378 2F 2F 0.00 1K 3.08

No 5f478 1S LS 0.00 SH 5.08

Lr 5f4787p! 2p 2D 0.02

2AE = E(5f"1626p°7<Y) — E(ground state).

’For Bk and Es no AE WB energy corrections could be calculdiedause there is more than one
possibility to couple 5f and 6d to obtain the desired LS-staté& and®1, respectively.

°AE = E(5f*6526p°6d' 78°) — E(ground state).

IAE = E(5f"16826p°6cP78%) — E(ground state).

Table C.3: Experimentally observed ground states [71] and AE WB enditfgrences (in eV) be-
tween these ground states and the lowest valence substatspanding to pentavalent
5f-in-core LPPs (5f—2, n=2—6 for Pa—Am) and the hexavalent LPP for uraniunt(3f
n=3), respectively [30].

Ground State 3f-268’6p°6d° 7 5f"—36s6p°6d 7
An Configuration Term Term AE“® Term AE?
Pa 5f6d' 78 1K ir 2.39
U 5f36d' 78 °L °7 5.29 °D 11.86
Np 5f6d' 7¢ 6L 6L 8.21
Pu 5078 F ™ 11.44
Am 5f7¢ 88 M 15.98

e AE = E(5f"2686p°6d?78%) — E(ground state).
PAE = E(5f"%68°6p°6d'7<?) — E(ground state).
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Table C.4: Experimentally observed ground states [71] and AE DHF endifferences (in eV) be-
tween these ground states and the lowest valence substatspmnding to di- (3f1,
n=5-13 for Pu-No) [29], tri- (5, n=0-14 for Ac—Lr) [54], and tetravalent (5f !, n=1—
9 for Th—Cf) [29] 5f-in-core LPPs, respectively.

Ground State Bfl6s26p°7s 5f"6s26p°6d! 78 5~ 1leg?6pi6d?7s
An Configuration  Term Term  AE®  Term AE’  Ternf AE?
Ac 5P6d78 Dy/s Dys 0.00
Th 56cP7s 3Fy 3H, 1.39 3L 0.00
Pa 5P6d7¢ K10 Ky 000 “H;)p -0.25
U 5f6d 7 5L 5L 0.00 °Lg 0.79
Np 5f6d'7¢ 6L11 )0 61112 000 My,  0.99
Pu 5f7¢ "y "y 0.00 K, -0.87 "M 0.57
Am 5778 5815 5S:) 000 ®Hjp 0.20
Cm 5f6d'78 9Dy "Fg 2.59 9D, 0.00
Bk 57 SHysjy  OHyizp  0.00  5Gis) -1.03
Cf 5f107§ 518 518 0.00 (15/2,3/2)8 0.08
Es 5f17¢ 4115/2 4115/2 0.00 6,3/2)15/2 0.38
Fm 5f27¢ 3H, 3H, 0.00  (5/23/2)s 0.54
Md 5f137¢ 2y 2Fy, 000 6.2, 159
No 5f47¢ 1S, 1S, 0.00  (/23/2)  3.20
Lr 5f14727p! 2P, /5 2Dy 0.66

eAE = E(5f"1626p°7<%) — E(ground state).

Y AE = E(5f"65°6p°6d!78%) — E(ground state).

“Due to the large number of possible configurations the etialuaf some terms was not possible.
IAE = E(5f"16826p°60P7s*) — E(ground state).

Table C.5: Experimentally observed ground states [71] and AE DHF gndifferences (in eV) be-
tween these ground states and the lowest valence substegéspunding to pentavalent
5f-in-core LPPs (5f—2, n=2—6 for Pa—Am) and the hexavalent LPP for uraniunt(3f
n=3), respectively [30].

Ground State 3f-26s°6p 637 5fr—36s?6pi6dt 7S
An Configuration Term Terfh AE? Term AE°
Pa 5f6d' 7 K112 1Fy)0 2.24
U 5f36d!7¢ 5Le 51, 4.93 5Dy 11.50
Np 5ft6d! 7¢ L1120
Pu 5078 I,
Am  5f7¢ 857/

2Due to the large number of possible configurations the etialuaf some terms was not possible.
PAE = E(5f"268°6p°6d°7<?) — E(ground state).
°AE = E(5f"365’6p°6d*7s’) — E(ground state).
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Table C.6: Experimentally observed ground states [71] and experiaieniergy differences (in eV)
between these ground states and the lowest valence substasponding to di- (31,
n=5-13 for Pu-No) [29], tri- (5, n=0—14 for Ac—Lr) [54], and tetravalent (5f !, n=1-9
for Th—Cf) [29] 5f-in-core LPPs, respectively. For the'@d® and 6d7< valence sub-
configurations of Fm—-Lr and Am—Cf no experimental data aeglable, respectively.

Ground State 3f16s26p° 7S 5f"65°6p°6d' 78 5fr—16g6p6d?7s
An Configuration  Term Term AE“ Term AE’  Term AE°
Ac 5f%6d'7¢ *D3 /o *D3 /o 0.00
Th 506?78 3, 3H, 097 3L 0.00
Pa 5f6d'7¢ K110 K110 0.00 “H;/ 0.25
U 5f6d7¢ 5Le 5Le 0.00 °Lg 1.43
Np 5f6d'7¢ 6L11/0 6L11/0 0.00  ®My)s 2.49
Pu 578 "Iy "Iy 0.00 'K, 0.78 "My 4.47
Am 5f77¢ 8572 8572 0.00 ®Hjp 1.32
Cm 5f6d' 78 9D2 7F6 0.15 9D2 0.00
Bk 5f7¢ SHi5/5  His)o 0.00 5Giz 1.13
Cf 5f07¢ 53 53 0.00 (5/2,3/2)s  2.10
Es 5f17¢ 152 152 0.00 7)o 2.40
Fm 5f27¢ 3H6 3H6 0.00
Md 5f137¢ 2Fy )0 2Fy )0 0.00
No 5f47¢ 150 150 0.00
Lr 5f4787p! E

e AE = E(5f"1686p°7s?) — E(ground state).
PAE = E(5f'65°6p°6d!78%) — E(ground state).
°AE = E(5f""16826p°6dP7s°) — E(ground state).
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Table C.7: An—F bond energies (in eV)E.q = [E(An) + 3 x E(F) — E(AnF3)]/3 for AnF;
(An=Ac-Lr) from LPP HF and SPP state-averaged MCSCF cdioms [19, 20]. Addi-
tionally, the m.a.e. (in eV) as well as the m.r.e. with respethe SPP data are given.

An LPP SPP
Ac 5.209 5.187
Th 5.081 5.490
Pa 4.996' 5.252
U 4.939 5.052
Np 4.897 4.946
Pu 4.864 4.856
Am 4.840 4,772
Cm 4.823 4,718
Bk 4.803 4.720
Cf 4.794 4.795
Es 4,778 4.799
Fm 4,763 4.790
Md 4,757 4.819
No 4,746 4.804
Lr 4.734 4.768
m.a.e. (m.r.e.) 0.050 (1.0%)

2For Thk; and Pak the LPP 5f occupations are by up to 0.57 electrons largertti@SPP 5f occupa-
tions, because for these actinides the trivalent oxidatiate is not preferred (Th) or even not stable (Pa)
in aqueous solution [1] (cf. Sect. 3.1.5.6). Thus, for TlaRd Pak the assumption of a near-integral
5f occupation is too crude [20], and the m.a.e. as well a'emwere calculated neglecting the results
for these systems.

Table C.8: Bond lengthsR,. (in A), angles/ (in deg), and total energies (in a.u.) for the com-
plexes [UQL-] (L=sha, bha) from SPP DFT/B3LYP gas phase calculationgh Bos-
sible structures are given, i.e. the nitrogen atoms of thankis located on the same
(denoted ag’;) or on opposite sides (denoted@s.

C1-[UO2sha] C;-[UO3sha] C1-[UOsbhay] C;-[UO2bha]
R.(U—O.) 1.783 1.782 1.781 1.781
1.783 1.782 1.782 1.781
R.(U-Ocarp.)* 2.426 2.417 2.435 2.423
2.427 2.416 2.438 2.423
R.(U-ON) 2.313 2.322 2.315 2.324
2.313 2.323 2.315 2.324
Z0,—U-0,« 175.5 180.0 175.4 180.0
Z0car,, —U-ON* 66.6 66.7 66.9 66.8
66.6 66.7 66.7 66.8
E -1728.89381645 -1728.89378590 -1578.44002333 -157801%8

“Qcarb. IS the oxygen atom of the carbonyl group.
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Table C.9: Experimentally observed ground states [71] and AE WB endifjgrences (in eV) be-
tween these ground states and the lowest states corresgdiodiri- (4f*, n=0-14 for
La—Lu) [54] and tetravalent (4f ', n=1-3, 8, 9 for Ce—Nd, Th, Dy) [28] 4f-in-core LPPs,

respectively.

Ground State 4B85p°5d! 682 4fn— 15850550265
Ln Configuration Term Terfh AE’ Term AE°
La 4f05dl 68 D D 0.00
Ce 4f5d'6s e el 0.00 3SF 3.39
Pr 468 i1 i1 i1 4.66
Nd 4168 °T °L -0.21 °L 5.59
Pm 4P68 SH 6L -0.48
Sm 4968 F F
Eu 4f 68 89 8D
Gd 4f 5dl 68 °D °D 0.00
Tb 4768 SH 8G o -2.17
Dy 41968 °7 H o7 1.27
Ho 4flleg? i 61
Er 4f126¢ SH °G
Tm 4f1368 ’F 1K -1.29
Yb 41468 Ls SH 0.44
Lu 4f145d' 68 D D 0.00

“For Pr, Sm, Eu, Tb, Dy, Ho, and Er no AE WB energy correctiongabe calculated, because there
is more than one possibility to couple’4éind 5d to obtain the desired LS-statés, " F, D, 8G, "H,
61, and®G, respectively.

®AE = E(4f'58’5p°5d!65%) — E(ground state).

°AE = E(4F"~158?5p°5d?65%) — E(ground state).
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Table C.10: Experimentally observed ground states [71] and AE DHF gnelifierences (in eV)
between these ground states and the lowest states cord@sgada tri- (4f*, n=0-14
for La—Lu) [54] and tetravalent (4f ', n=1-3, 8, 9 for Ce—Nd, Tb, Dy) [28] 4f-in-core
LPPs, respectively.

Ground State 4B85p°5d! 68 4fn— 158500526
Ln Configuration Term Term AE“ Term AE®
La 4f95d' 68 *D3 /o *D3 /o 0.00
Ce 4f5d'6s en en 0.00 30, 3.16
Pr 4836 ey ey -0.27 7)o 4.21
Nd 4168 514 5Le -0.46 °Lg 5.18
Pm 4P6¢ SHs /o 6L11/0 -0.76
Sm 46 "Iy "Fy 0.16
Eu 416> 8572 8D3 /9 1.49
Gd 4f'5dl 68> 9Dy 9Dy 0.00
Th 4168 SHis/0 8G13)2 -2.96 OFy ), -2.04
Dy 41068 53 "Hg -2.01 T 0.75
Ho 41168 50 I7/2 -2.28
Er 411268 3H6 5G6 -2.81
Tm 41368 2F7/2 (6,3/2)9/2 -2.07
Yb 41468 150 (7/2,3/2)2 -0.67
Lu 4145468 2D3 /o 2D3 /o 0.00

*AE = E(4f"58°5p°5d'68%) — E(ground state).
PAE = E(4F"~1585p°5dP65%) — E(ground state).
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Table C.11: Experimentally observed ground states [71] and experiatenergy differences (in eV)
between these ground states and the lowest states cordésgom trivalent 4f-in-core
LPPs (4f, n=0-14 for La—Lu) [54].

Ground State 4585p°5d' 68

Ln Configuration Term Term AE®?
La 4054l 68 *D3 /s 2D3 /s 0.00
Ce 4f5d' 68 1Gy 1G4 0.00
Pr 4868 /0 ey 0.55
Nd 4168 °1y 5Le 0.84
Pm 4P6¢ SHs /o

Sm 463 7F0 7F0 2.27
Eu 468 857/ 8D5 /2 3.45
Gd 4f'5d' 68 9Dy 9Dy 0.00
Tb 4168 SHys /o 8G13)2 0.04
Dy 41068 518 7H8 0.94
Ho 4flleg? 1152 1172 1.04
Er 411268 3H6 5G6 0.89
Tm 41368 2Fr)o (6,3/2)9 /2 1.63
Yb 41168 1So (7/2,3/2)2 2.88
Lu 4f145d' 68 2D3 /5 2D3 /5 0.00

e AE = E(4f"585p°5d'6?) — E(ground state).
Energy differences from [43].
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Table C.12: Atomization energie\ E,; (in eV) for LnF; (Ln=La—Lu) with respect to the valence
substates 46d'6s* from LPP HF and SPP state-averaged MCSCF calculations. SPP
values are given for the lowest LS-states according to Hundé, while LPP values are
given for? D states, since here the 4f shell is treated in an averagedanaiutditionally,

LPP atomization energies corrected to account for the aogipletween 4f and 5d
AEcoup. (in V), and LPP as well as SPP values corrected to accoutiiéoproper
description of triply-charged ions Bt AE,,up1 4 1ns+ andAE,, 1,3+ (in eV) are
given, respectively [54].

AEjai& AEcoupl. AEﬂcoupl.ﬁ»Ln?’Jr AEﬂaH»LnBJr

Ln LPP SPP LPP LPP SPP

La 15.83 ’D 15.95 ’D 15.83 15.78 15.95
Ce 15.80 e 15.18 e 15.13 15.02 15.34
Pr 15.76 ‘1K 15.32 ‘1K 15.30 15.18 15.55
Nd 15.73 5L 15.08 5L 15.12 15.00 15.31
Pm 15.73 5L 14.88 6L, 14.94 14.80 15.06
Sm 15.72 K 14.90 K 14.81 14.67 15.01
Eu 15.73 8SH 15.00 SH 14.86 14.73 15.07
Gd 15.69 9D 14.85 9D 15.12 15.02 15.22
Tb  15.73 8SH 15.74 8H 15.51 1541 15.68
Dy 15.75 K 15.78 K 15.60 15.52 15.77
Ho 15.78 5L 15.69 6L, 15.57 15.50 15.63
Er 15.82 5L 15.67 5L 15.50 15.44 15.55
Tm 15.84 ‘1K 15.80 ‘1K 15.46 1541 15.59
Yb 15.89 3SH 16.16 3H 15.58 15.54 15.72
Lu 1581 ’D 15.87 ’D 15.81 15.78 15.99

“In some cases the calculated LS-state does not corresptimal ltavest LS-state at the HF level, i.e.
SGRFRD,"HI"I'GI"F,CII°KISH,>GI°H,*F, and? P are lower for Th, Dy, Ho, Er, Tm, and Yb,
respectively.

’Since for Pr and NdK/*I and®L/° K states are nearly degenerate, respectively, the enemies c
sponding to' K and®L were taken from SPP state-averaged MCSCF calculationsgvihese degen-
erate states were calculated simultaneously.
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Table C.13: lonic binding energied E;,,, (in eV) for LnF; (Ln=La—Lu) from LPP+CPP CCSD(T)
calculations [54].

Ln AFE;on
La 45.41
Ce 45.77
Pr 46.12
Nd 46.46
Pm 46.78
Sm 47.09
Eu 47.41
Gd 47.71
Tb 48.03
Dy 48.35
Ho 48.67
Er 49.00
Tm 49.30
Yb 49.63

Lu 49.80
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